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Introduction

Coronary artery disease (CAD) is a leading cause of death and morbidity in indus-
trialized societies and soon worldwide (Lloyd-Jones, 2010). Atherosclerosis un-
derlies CAD through slowly progressing lesion formation and luminal narrowing 
of arteries. Atherogenesis involves imbalanced lipid metabolism and a chronic 
inflammatory status of the arterial wall. Lesion formation occurs predominantly 
at sites with disturbed laminar flow, such as arterial branch points (Gimbrone, 
1999). 

Atherosclerosis: lesion initiation and development

Atherosclerosis has a complex etiology. There are several known risk factors, 
such as hypercholesterolemia, diabetes, obesity, smoking, sedentary life style 
and genetic factors (Assmann, 1999). Morphological and functional studies on 
atherogenesis, both in man and laboratory animals, indicate that the key initiat-
ing step is subendothelial accumulation of lipoproteins (LPs), in particular low 
density lipoprotein (LDL) (Williams and Tabas, 1995). This process is increased 
when the levels of circulating LDL are abnormally elevated. The sub-endothelial 
retention of LDL occurs preferentially at sites where the flow is low (Gimbrone, 
1999). Retention of LPs and their subsequent modification (oxidation, lipolysis, 
aggregation) promotes an inflammatory response of endothelial cells that when 
activated, secrete chemo-attractants for monocyte recruitment (Glass and Wit-
ztum, 2001; Mestas and Ley, 2008). In response to macrophage colony-stimulat-
ing factor (M-CSF), and likely to other differentiation factors, most monocytes in 
early atherosclerotic lesions develop into cells with features of macrophages or 
dendritic cells (Johnson and Newby, 2009; Paulson, 2010). In atherosclerotic le-
sions different kinds of macrophages are detected: prominent are macrophages 
involved in pro-inflammatory processes (often designated as M1), but also pres-
ent are macrophages involved in resolution and repair, (often referred to as M2) 
(Johnson and Newby, 2009). In the early atherosclerotic lesion, modified LPs are 
taken up by macrophages via receptor-mediated endocytosis and pinocytosis. 
The LDL receptor (LDLR) is normally largely responsible for cellular endocytosis 
of LDL. Since lipid-laden macrophages are also found in atherosclerotic lesions 
of patients with familial hypercholesterolemia with genetically impaired LDLR, a 
new class of receptors binding to modified LDLs was identified (Podrez, 2000). 
These are called scavenger receptors (SR), notably the type A scavenger receptor 
(SRA) and a member of the type B family, CD36 (Kunjathoor, 2002). Mice lacking 
either receptors show less lesion formation (Suzuki, 1997; Febbraio, 2000). In 
contrast to the expression of LDLR, the expression of SR is not down-regulated 
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by increased intracellular levels of cholesterol. As a result, ongoing SR-mediated 
uptake of modified LPs leads to their continuous internalization and accumu-
lation of excess quantities of lipids by macrophages (Rios, 2011). Upon inter-
nalization, lipoproteins are delivered to the lysosome, where cholesterol esters 
(CEs) are hydrolyzed into free cholesterol (FC) and fatty acids (FAs) (Maxfield 
and Tabas, 2005). Free cholesterol is transported to the cytosol where it is re-
esterified to cholesteryl fatty acid esters, by the enzyme acyl-CoA:cholesterol 
ester transferase (ACAT) (Brown, 1980). Cholesterol loading in time leads to the 
formation of lipid-laden macrophages of the plaque's core. The excess lipids 
are stored in the form of lipid droplets in the cytoplasm, creating a foamy ap-
pearance. These so-called “foam cells” are the hallmark of atherosclerosis ( Li 
and Glass, 2002). These cells can produce pro-inflammatory mediators, reactive 
oxygen species, and tissue factor pro-coagulants that amplify local inflammation 
(Moore and Tabas, 2011). Although fewer in number than the macrophages, T-
cells also enter the intima and produce locally regulatory signals. After antigen-
specific activation, T-helper 1 cells secrete interferon-gamma (IFN-ɣ), which can 
activate various cells in the vascular wall, and amplify and sustain the inflam-
matory response in the intima. Lesions also contain regulatory T-cells, produc-
ing interleukin-10 and transforming growth factor-β, two cytokines considered 
to exert anti-inflammatory actions (Hansson and Hermansson, 2011). Macro-
phages can efflux cholesterol to high density lipoprotein (HDL) (Tall, 2008; Roth-
blat and Phillips, 2010). Cholesterol efflux is assumed to be crucial for prevention 
of plaque formation and plaque regression. It is mediated by the two ATP bind-
ing cassette(ABC)-transporters, ABCA1- and ABCG1, to apolipoprotein A1 and 
HDL, respectively. Cholesterol can also passively diffuse to cholesterol-poor HDL 
(Tall, 2008; Rothblat and Phillips, 2010).  Next, HDL particles can exit the tissue 
and enter the bloodstream, contributing to reverse cholesterol transport from 
lesional macrophages to the liver (Rosenson, 2012). 
During atherogenesis, smooth muscle cells (SMCs) migrate from the media into 
the intima, and proliferate in response to mediators such as platelet-derived 
growth factor (Thyberg, 1990). In the intima, the SMCs produce extracellular 
matrix molecules, including interstitial collagen and elastin, leading to the de-
velopment of fibrous plaques (Lusis, 2000). The fibrous cap extends along a 
collection of macrophage-derived foam cells, some of which die (for example, 
by apoptosis) and release lipids that accumulate extracellularly. The inefficient 
clearance of dead cells — a process known as efferocytosis — can promote the 
accumulation of cellular debris and extracellular lipids, forming a lipid-rich pool 
called the necrotic core of the plaque (Tabas, 2010). 
The pathological manifestations originating from plaques are flow-limiting ste-
nosis (leading to tissue ischaemia), or development of thrombi that can inter-
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rupt blood flow locally. Thrombi often arise after disruption of the fibrous cap 
that exposes pro-coagulant material of plaque's core to coagulation proteins in 
the blood, triggering thrombosis (Fuster, 1996). Vulnerable plaques are prone 
to rupture and typically have thin, collagen-poor fibrous caps with few SMCs 
but abundant macrophages (Shah, 2003). The inflammatory cells contribute to 
plaque disruption by release of enzymes that can degrade collagen, and by gen-
erating mediators that provoke the death of SMCs (Libby, 2009). 
In summary, atherogenesis can be considered as a “response to injury” from the 
body to deposited abnormal LPs, a pathological process influenced by several 
risk factors.

Cholesterol homeostasis

Hypercholesterolemia is a well-known risk factor for atherosclerosis. Reduction 
of circulating cholesterol, particularly LDL-associated sterol, is therefore a valid 
therapeutic target. Several drugs for this purpose have been developed, target-
ing cholesterol synthesis and homeostasis. Cholesterol in the body has two dif-
ferent sources. One-third of the cholesterol comes from the diet and is taken up 
by the small intestine. The small intestine is highly specialized in lipid absorp-
tion. Exposed to the lumen are epithelial cells rich in microvilli, increasing the 
surface for absorption. These small intestinal epithelial cells, named enterocytes 
are polarized cells with an apical membrane containing many transporters. Cho-
lesterol absorption takes largely place by the transmembrane protein Niemann-
Pick C1 Like 1 (NPC1L1) (Altmann, 2004). The subcellular localization of NPC1L1 
is regulated by cholesterol and involves recycling of NPC1L1 between the plasma 
membrane and endocytic compartment (Skov, 2011). NPC1L1 null mice exhibit 
a strong reduction of intestinal absorption of cholesterol, are resistant to diet-
induced hypercholesterolemia, and when crossed with APOE(-/-) mice do not 
develop atherosclerosis (Davis, 2007). Ezetimibe, a cholesterol absorption inhib-
itor binding specifically to an extracellular loop of NPC1L1, promotes fecal sterol 
loss in APOE(-/-) mice and reduces plasma cholesterol (Davis, 2001). In the en-
terocytes, cholesterol is packed together with triglycerides and other lipids in a 
particle containing APOB48. This so-called chylomicron is next secreted into the 
lymphatic system. In the circulation, chylomicrons are modified by lipoprotein 
lipase (LPL) (Lambert and Parks, 2012), hydrolyzing triglycerides in the particle. 
The remaining chylomicron-remnant is, after enrichment with APOE molecules, 
taken up by the liver (Cianflone, 2008). 
The other two third of the cholesterol in the body is endogenously produced, 
in rodents largely via synthesis in hepatocytes. The major precursor for choles-
terol synthesis is acetyl-CoA which gives rise to hydroxyl methylglutaryl-CoA 



         CHAPTER I

13

(HMG-CoA). The rate limiting step in the cholesterol biosynthetic pathway is the 
conversion of HMG-CoA to mevalonic acid by HMG-CoA reductase (HMG-CoAR) 
(Espenshade and Hughes, 2007). HMG-CoAR is inhibited by statins (Grundy, 
1988), a commonly prescribed class of drugs for lowering plasma cholesterol 
levels (Bhattacharya and Chaturvedi, 2011). In addition to de novo synthesis, 
cholesterol can also be acquired by hepatocytes through LDLR-mediated endo-
cytosis (Tolleshaug and Goldstein, 1983). Expression of LDLR and other proteins 
involved in cholesterol metabolism regulation, such as HMG-CoAR, is influenced 
by the cellular sterol content via a family of transcription factors called sterol 
regulatory element binding proteins (SREBPs) (Brown and Goldstein, 1997). The 
SREBP family consists of 3 isoforms: SREBP-1a, SREBP-1c, and SREBP-2. SREBP-
1a and 1c have transcriptional activity for genes involved in fatty acid and tri-
glycerides synthesis, while SREBP-2 activates transcription of genes involved 
in cholesterol synthesis (Shimano, 2001). SREBPs associate with the endoplas-
mic reticulum (ER) membrane where they remain transcriptionally inactive. In 
the ER, the C-terminus of SREBP interacts with the cargo protein SCAP (SREBP 
cleavage activating protein) which functions as a sterol sensor (Espenshade and 
Hughes, 2007). In sterol-deprived cells, SCAP binds SREBP carrying it to the Golgi 
apparatus where they are converted proteolytically to active fragments entering 
the nucleus and inducing the expression of their target genes such as LDLR and 
HMG-CoAR. At  high cellular cholesterol levels, activation of SREBP  is prevented 
by SCAP binding with the insulin induced gene protein (Insig), which retains the 
SCAP/SREBP complex into the ER (Espenshade and  Hughes, 2007). This tran-
scriptional regulation of cholesterol biosynthesis is key for body’s cholesterol 
homeostasis. Cholesterol produced by the liver is in part secreted and delivered 
to the peripheral organs following incorporation into the very low density lipo-
protein (VLDL). VLDL is produced in hepatocytes similar to chylomicrons in en-
terocytes, with the exception that APOB100 is the main apolipoprotein in VLDL. 
After secretion by the hepatocyte, VLDL is modified in the circulation to the 
heavier low density lipoprotein (LDL) particles. This modification is again medi-
ated by LPL hydrolyzing triglycerides in VLDL particles. The resulting LDL is taken 
up largely by hepatocytes via LDLR mediated endocytosis (Kendrick, 1998). 
Elimination of excessive cholesterol from the body via the feces is a crucial 
process in cholesterol homeostasis. Two distinct pathways for this so-called re-
versed cholesterol transport have been described. The first pathway is the ca-
nonic route of cholesterol secretion from liver into bile. This pathway requires 
efflux of cholesterol from peripheral cells to high density lipoprotein (HDL) and 
the subsequent uptake of HDL-cholesterol by hepatocytes via the scavenger re-
ceptor class B type 1 (SR-B1). HDL derived cholesterol is de-esterified and fi-
nally secreted as free cholesterol into bile or modified to bile salt. Cholesterol 
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7α-hydroxylase (CYP7A1), a cytochrome P450 enzyme, catalyzes the first and 
key step in this pathway (Chiang, 2009). Once produced in the liver, bile salts 
are transported across the canalicular membrane of the hepatocytes into the 
bile duct and stored in high concentrations in the gallbladder. Upon a meal, gall-
bladder bile salts are released into the intestinal tract, reabsorbed in the ileum, 
and transported back to the liver via portal blood for re-excretion into the bile. 
In the intestine, bile salts are taken up by the apical sodium-dependent bile salt 
transporter (ASBT) (Shneider, 1995). This cycling of bile salts is known as the 
enterohepatic circulation of bile salts (Hofmann, 2009). The biliary excretion of 
bile salts is the major driving force of bile flow. Several members of the ABC-
transporter family are responsible for transporting bile salts across the canalicu-
lar membrane against their concentration gradients (Dawson, 2009). The bile 
salt export pump (BSEP, ABCB11), is mainly responsible for bile salt transport 
at the canalicular membrane (Stieger, 1992). Phospholipids are excreted via the 
phospholipid flippase MDR2 (ABCB4) (Smit, 1993). Biliary cholesterol secretion 
is mediated by ABCG5/G8 transporters (Yu, 2002). Next to the classic functions 
of bile salts in the secretion of endogenous metabolites and xenobiotics and the 
intestinal absorption of lipophilic nutrients, bile salts also play important roles 
in glucose and lipid metabolism (Lefebvre, 2009; Nguyen and Bouscarel, 2008).  
An additional route for elimination of cholesterol from the body has only been 
recently recognized, the so-called trans-intestinal cholesterol excretion (TICE). 
The first indication for an alternative route for fecal cholesterol excretion came 
from studies in mouse models with extremely low biliary cholesterol secretion 
rates (ABCG5(-/-); ABCG8(-/-) and MDR2(-/-) mice). In these animals, fecal neu-
tral sterol excretion was unchanged or even increased (Plosch, 2004; van der 
Velde, 2007). TICE involves direct transport of cholesterol across the intestine, 
and subsequent secretion of sterol into the feces (van der Velde, 2008). The vari-
ous molecular components involved in TICE have not yet been identified and are 
topic of further research (Brufau G, 2011).

The Metabolic Syndrome, lipid-associated pathologies in the 
vessel wall and liver

Atherosclerosis often occurs not as single pathology in individuals, but in the 
context of a complex of abnormalities, designated as the metabolic syndrome. 
The metabolic syndrome (MetS) is a cluster of metabolic aberrations, such as 
obesity, hypertension, low HDL-cholesterol (HDL-C), high triglycerides, insulin 
resistance with or without impaired glucose tolerance, and pro-inflammatory 
and pro-thrombotic states (Liese, 1998; Lakka, 2002). The development of MetS 
is known to be promoted by various factors such as abdominal obesity, seden-
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tary lifestyle and genetic factors (Laaksonen, 2002; Eckel, 2010). The MetS pro-
gresses to clinical manifestations like type 2 diabetes and atherosclerosis with 
associated cardiovascular disease (Ardern and Janssen, 2007; Novo, 2012). Ath-
erosclerosis can be considered as the vessel manifestation of the MetS, while its 
hepatic manifestation is represented by non-alcoholic fatty liver disease (NAFLD) 
(Kim and Younossi, 2008). NAFLD includes a mixture of liver perturbations rang-
ing from simple fat accumulation in the parenchymal cells (steatosis) to non-
alcoholic steatohepatitis (NASH) including inflammation and different degrees of 
fibrosis. If hepatic lipid accumulation is generally considered to be benign, more 
harmful conditions such as steatohepatitis and cirrhosis can ultimately develop 
(Farrell and Larter, 2006). NAFLD is estimated to affect at least 20% of the gen-
eral adult population and over 50% of the obese population (Varela-Rey, 2009). 
It is expected that as the prevalence of obesity and metabolic syndrome rises, 
NAFLD-associated diseases will be an increasing healthcare concern (Lewis and 
Mohanty, 2010). Fat accumulation in hepatocytes is the result of an imbalance 
between synthesis and degradation of triglycerides. A high influx and/or endog-
enous synthesis of free fatty acids (FFA) may lead to accumulation of triglycer-
ides within the liver when mitochondrial β-oxidation and VLDL production and 
secretion are not sufficient to balance the FFA load.

Glycosphingolipid metabolism

Sphingolipids constitute a broad family of lipids that are essential structural 
components of mammalian cell membranes. They are composed of a ceramide 
moiety, i.e., an N-acylated sphingosine group. Ceramide is the simplest sphingo-
lipid and serves as a precursor for the synthesis of more complex molecules. The 
biosynthesis and degradation of sphingolipids and derivatives containing sugar, 
the so-called glycosphingolipids (GSLs) involves numerous enzymes that act at 
various subcellular locations and which are tightly regulated (Wennekes, 2009). 
De novo synthesis of ceramide takes place at the cytosolic side of the ER mem-
brane. Firstly, the enzyme serine palmitoyl-CoA transferase (SPT) links L-serine 
with palmitoyl-CoA. The formed 3-ketosphinganine is modified to sphinganine 
by 3-ketosphinganine reductase. Next, dihydroceramide is formed by dihydro-
ceramide synthase (CerS), and finally ceramide dihydroceramide desaturase 
(DES) catalyzes the formation of ceramide (Wennekes, 2009). Modification of 
ceramide by linkage of a phosphorylcholine moiety from phosphatidylcholine 
results in sphingomyelin.  The simplest GSL, glucosylceramide (GlcCer), is next 
formed via glucosylation of ceramide by the enzyme glucosylceramide synthase 
(GCS), transferring a glucose moiety from a UDP-glucose donor to ceramide. 
This reaction takes place at the cytosolic leaflet of the membranes of the Golgi 



16

apparatus. Next, GlcCer flips to the luminal membrane of the Golgi apparatus 
where it can be stepwise modified to more complex GSLs by sequential glycosyl-
ations catalysed by a variety of glycosyltransferases. From the Golgi apparatus, 
the GSLs can be transported to the plasma membrane (Futerman, 2006 ; Futer-
man and  Riezman, 2005; Lahiri, 2007). Alternatively, the newly formed GlcCer at 
the cytosolic leaflet of the Golgi apparatus may be transported directly to other 
membranes, via transfer proteins still requiring identification (Wennekes, 2009).

Catabolism of GSLs takes place following their endocytosis to lysosomes. It is 
thought only GSLs are degraded that are present in luminal membrane vesicles, 
so-called multivescicular bodies formed in late endosomes (Kolter and Sand-
hoff, 1998). During lysosomal degradation of GSLs carbohydrate residues of the 
GSL glycans are sequentially cleaved of by the action of exo-glycosidases. The 
GSL ultimately formed in this manner, GlcCer, is degraded into ceramide and 
glucose by the enzyme glucocerebrosidase (GBA1). The existence of this lyso-
somal beta-glucosidase was first described by de Duve. The molecular features 
of the enzyme were only characterized in the seventies and eighties by several 
researchers (Ho, 1973; Pentchev, 1973).  The gene encoding GBA1 was cloned 
independently by the groups of Beutler and Barranger (Sorge, 1985; Tsuji, 1986).   
The importance of efficient glycosphingolipid catabolism is illustrated by the 
existence of sphingolipid storage disorders caused by inherited deficiencies in 
lysosomal glycosidases and activator proteins (Futerman and Van Meer, 2004). 
The most common of the sphingolipidoses is Gaucher disease (GD), caused by 
deficiency of GBA1 (Brady, 1965; Patrick, 1982). Interestingly, although GBA1 ac-
tivity is reduced in all cell types of GD patients, the lysosomal storage of glucosyl-
ceramide is, in most patients, restricted to cells of the monocyte/macrophages 
lineage (Bussink, 2006). Characteristically, tissue macrophages in GD patients 
are transformed to lipid-laden “Gaucher cells” with massive deposits of GlcCer 
in tubules (Bussink, 2006). These storage cells are present predominantly in the 
bone marrow, spleen and liver (where they are responsible for the characteristic 
organomegalia). Macrophages are thought to be particularly prone to become 
storage cells in GD patients since their lysosomal apparatus is confronted with 
high quantities of GSLs for degradation following phagocytosis of GSL-rich senes-
cent and dead blood cells (Bussink, 2006). Other cell types of GD patients show 
hardly GlcCer accumulation. This may be due to the existence of an alternative 
pathway for degradation of GlcCer, offered by the non-lysosomal glucocerebro-
sidase GBA2. This membrane-bound enzyme was firstly described by van Weely 
and colleagues (van Weely, 1993). Much later the corresponding gene was inde-
pendently cloned by Yildiz and coworkers and Boot and colleagues (Yildiz, 2006; 
Boot, 2007).  GBA2 and GBA1 show no homology and differ markedly in enzy-
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matic features (van Weely, 1993). 
The GlcCer-laden macrophages are viable cells releasing specific proteins of 
which some can be detected in elevated levels in plasma. An example of a pro-
tein massively produced by Gaucher cells is chitotriosidase, a chitinase. The 
existence of the enzyme chitotriosidase was first discovered in plasma of GD 
patients where it is on average thousand-fold elevated (Hollak, 1994). Chitotrio-
sidase is produced by Gaucher cells in various body locations and plasma levels 
reflect the total body burden of Gaucher cells (Bussink, 2006). Measurement of 
plasma chitotriosidase in GD patients is now used to monitor disease progres-
sion and efficacy of therapeutic intervention by chronic intravenous administra-
tion of recombinant GBA1 (Aerts, 2008).  Chitotriosidase is also produced by 
lipid-laden macrophages in other conditions such as other lysosomal storage 
disorders, arthritis, sarcoidosis, and certain infectious diseases (Aerts, 2008). Of 
interest, chitoriosidase is also expressed in lipid-laden macrophage in athero-
sclerotic lesions (Boot, 1999). 
Clinical observations on GD patients offer hints for a connection between glyco-
sphingolipid and cholesterol homeostasis. Patients with GD show relatively low 
plasma total cholesterol, LDL cholesterol, and HDL cholesterol (Ginsberg, 1984), 
and often develop gallstones in association with bile rich in cholesterol (Taddei, 
2010). Despite their low plasma HDL levels, GD patients have not been found to 
be at high risk for atherosclerosis and CAD (de Fost, 2009)

Glycosphingolipids and atherosclerosis

The literature provides several indications for a relationship between athero-
sclerosis and glycosphingolipid abnormalities. For example, accumulation of gly-
cosphingolipids in atherosclerotic lesions has been documented (Breckenridge, 
1977). In addition, plasma GSL concentrations have been reported to be associ-
ated with risk for atherosclerosis (Mukhin, 1995; Garner, 2002).  These associa-
tions may not be causative but rather by proxy since GSL are components of vari-
ous lipoproteins and hyperlipidemia by itself causes increased plasma GSL levels 
(Clarke, 1981). Pro-atherogenic properties have been proposed for specific GSL, 
particularly for lactosylceramide (LacCer). Garner and colleagues proposed that 
this GSL actively promotes cholesterol accumulation in macrophage foam-cells 
(Garner, 2002). Furthermore, it has been reported that LacCer inhibits cellular 
cholesterol efflux via the ABCA1/apoA-I pathway (Glaros, 2005). Moreover it 
has been claimed that LacCer induces monocyte adhesion to endothelial cells 
(Gong, 2004) and stimulates vascular SMC proliferation (Bhunia, 1997). Other 
studies have reported that ganglioside GM3 accelerates low-density lipopro-
tein (LDL) uptake by macrophages and subsequent formation of lipid-laden 
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foam cells (Prokazova and Bergelson, 1994). Next, GM3 and GD3 have been 
described to promote the adhesion of platelets to atherosclerotic lesions. GD3 
has been found to stimulate production of reactive oxygen species, to regulate 
SMC phenotype and inhibit metalloproteinase-9 expression, all events poten-
tially contributing to plaque instability and atherosclerosis (Wen, 1999; Moon, 
2006). Based on reports in the literature, GSLs could thus promote atherogen-
esis at various levels. Targeting the glycosphingolipid biosynthetic pathway may 
therefore offer an avenue to ameliorate atherosclerosis. Several studies indeed 
showed that myriocin, an inhibitor of SPT and thus of biosynthesis of any sphin-
golipid, inhibits atherogenesis in APOE(−/−) mice (Glaros, 2007; Glaros, 2008). 
A relatively poor in vivo inhibitor of glucosylceramide synthase, EtDO-P4, when 
tested in APOE(-/-) mice, had  no effect on plasma cholesterol and atherosclero-
sis (Glaros, 2008). Macrophage specific deletion of sphingomyelin synthase 1 on 
the other hand was found to decrease atherosclerotic plaque size of LDLR(-/-) 
mice (Li, 2012). The present literature on the role of specific (glyco)sphingolipids 
in atherogenesis as well the effect of pharmacological modulation of their syn-
thesis is puzzling and conflicting. More studies with specific inhibitors in various 
steps of the biosynthesis of sphingolipids are needed to better elucidate the role 
of this complex class of lipids in atherogenesis.

AMP-DNM, a modulator of glucosylceramide metabolism

In 1998, Overkleeft and co-workers reported the generation of a hydrophobic 
deoxynojirimycin (DNM) derivative linked via a pentyl-spacer to a heterocyclic 
adamantane, N-(5-adamantane-1-yl-methoxy)pentyl)-DNM (AMP-DNM) (Over-
kleeft, 1998). The compound was designed as inhibitor of the non-lysosomal glu-
cosylceramidase (GBA2). Indeed, AMP-DNM is an extremely potent GBA2 inhibi-
tor, the IC50 value being in the low nanomolar range. AMP-DNM was found to 
inhibit also some other glycosidases like lysosomal glucocerebrosidase (GBA1), 
however at much higher concentration (IC50 being around 200 nM). Following 
the report by Platt and coworkers that N-butyl-DNM is an inhibitor of glucosyl-
ceramide synthase (GCS) (Platt, 1994), the structurally related AMP-DNM was 
investigated also in this respect. It was demonstrated that AMP-DNM is actu-
ally a much more potent GCS inhibitor than N-butyl-DNM, the IC50 value being 
about 180 nM. AMP-DNM was next found to be an attractive pharmacological 
agent, being hardly metabolized and due its amphiphilic nature showing a nice 
biodistribution (Wennekes, 2010). 
Given the ability of AMP-DNM to lower GSL levels, its effect on insulin sensivity 
has been experimentally investigated in cell and mouse models (Aerts, 2007). The 
motivation for this stems from the fact that GSL are implicated to play a role in in-
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sulin homeostasis.  For example, insulin resistance in adipocytes is accompanied 
by elevated GM3 levels, and insulin receptor substrate 1 (IRS1) phosphorylation 
is reduced by addition of ganglioside GM3 to cells (Tagami, 2002). Mice deficient 
in GM3 synthase, unable to produce GM3, are found to be protected against 
diet–induced insulin resistance (Yamashita, 2003). Vice versa, hepatic expres-
sion of neuraminidase, an enzyme degrading ganglioside GM3, improved insulin 
sensitivity and glucose tolerance (Yoshizumi, 2007).  AMP-DNM treatment  of 
several rodent models of obesity and insulin resistance resulted in improved gly-
cemic control with lowered blood glucose levels, reduced glycated hemoglobin 
(HBA1c) levels and ameliorated insulin sensitivity in muscle and liver measured 
by euglycemic clamps in ob/ob mice and ZDF rats (Aerts, 2007). Comparable ef-
fects were noted in Zucker rats, db/db mice and diet-induced obese (DIO) mice. 
A similar beneficial effect on glucose homeostasis and insulin sensitivity was re-
ported for a ceramide-analogue inhibitor of GCS (Zhao, 2007). Improvements 
of the insulin signalling pathway have been demonstrated in tissues following 
AMP-DNM treatment, e.g. liver and adipose tissue (Bijl, 2009; Van Eijk, 2009). 
In adipose tissue, adipogenesis was restored as the number of larger adipocytes 
was reduced and the expression of peroxisome proliferator-activated receptor 
(PPAR)-gamma, GLUT-4 or adiponectin was increased. In addition, inflammation 
was reduced by AMP-DNM treatment. Less crown-like structures were observed 
and expression of inflammatory markers such as monocyte chemoattractant 
protein-1 (MCP1/CCL2) and osteopontin (OSN) were reduced (Van Eijk, 2009). 
AMP-DNM was also found to prevent hepatosteatosis in ob/ob mice (Bijl et al 
2009), to improve cholesterol homeostasis and bile secretion (Bijl, 2009), to nor-
malize body weight and food intake in leptin-deficient mice (Langeveld, 2012), 
and to exert an anti-inflammatory effect in colitis models (Shen, 2004)

Outline of the thesis

Excessive concentrations of GSLs were hypothesized by us to constitute a risk 
factor for the development of atherosclerosis. The iminosugar AMP-DNM is a 
known potent inhibitor of GCS, the enzyme catalyzing the initial step in bio-
synthesis of GSLs.  Pharmacological lowering of GSLs by AMP-DNM in mouse 
models of atherosclerosis could therefore test whether GSLs indeed play a det-
rimental role in atherogenesis. Based on this concept we designed the research 
presented in this thesis. 
In the investigations we used APOE3* Leiden transgenic (APOE3* Leiden) and 
LDL receptor null LDLR(-/-) mice. APOE3* Leiden mice are a model for famil-
ial dysbetalipoproteinimia characterized by defective clearance rate of remnant 
particles (van Vlijmen, 1994). On a high cholesterol diet, these mice develop 
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atherosclerotic plaques of which the severity positively correlates with the se-
rum levels of cholesterol-rich VLDL/LDL lipoproteins (Leppänen, 1998). LDLR(-/-) 
mice are a model for familial hypercholesterolemia (Ishibashi, 1993).When fed a 
western type diet, LDLR(-/-) mice develop high plasma cholesterol levels and se-
vere atherosclerotic lesions. Similarly, APOE deficient (APOE(-/-)) mice, develop 
spontaneously atherosclerotic lesions, a process stimulated by a high fat diet 
(Véniant, 2001).
Chapter II describes that AMP-DNM treatment can spectacularly prevent hy-
percholesterolemia and associated lesion formation in two different models, 
ApoE3* Leiden and LDLR(-/-) mice. The study revealed that iminosugar treat-
ment markedly promotes biliary and fecal cholesterol excretion. Chapter III re-
ports on a comparison of the outcome of treatment of LDLR(-/-) mice with AMP-
DNM and its L-ido derivative, L-ido-AMP-DNM. The latter compound inhibits GCS 
and GBA2 on a par with AMP-DNM, but it does not significantly inhibit the lyso-
somal enzyme GBA1. The investigation showed that AMP-DNM promotes bet-
ter biliary and fecal cholesterol secretion and consequently has a more potent 
anti-atherogenic effect. Chapter IV describes a study that addresses the ques-
tion whether existing advanced lesions in LDLR(-/-) mice can also be reverted 
by AMP-DNM treatment. Chapter V reports on the beneficial effect of physical 
activity in slowing atherosclerotic lesion progression and modulating bile salt 
homeostasis. Chapter VI describes an investigation on the value of plasma chi-
totriosidase as marker for atherosclerotic lesion development in APOE3*Leiden, 
LDLR(-/-) and APOE(-/-) mice. Chapter VII provides additional data on the action 
of AMP-DNM on cholesterol homeostasis, focusing on its effects on cholesterol 
absorption and excretion. Chapter VIII deals with the marked reversal of liver 
steatosis in LDLR(-/-) mice treated with AMP-DNM.  The positive effect of AMP-
DNM treatment on insulin sensitivity in obese mice is reviewed in Chapter IX. 
Finally, in chapter X a general discussion is provided, concerning the outcomes 
of the studies performed in this thesis.
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Abstract

The iminosugar N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-deoxynoijirimycin 
(AMP-DNM), an inhibitor of the enzyme glucosylceramide (GlcCer) synthase cat-
alyzing glycosphingolipid (GSL) biosynthesis ameliorates diabetes and reduces 
liver steatosis in ob/ob mice. Since an accumulation of sphingolipids, includ-
ing sphingomyelin (SM) and GSLs, has been reported in atherosclerotic lesions 
in animal models and in humans, the objective of this study was to determine 
whether AMP-DNM also exerts beneficial effects on the development of athero-
sclerosis. 
APOE*3 Leiden maintained on a high cholesterol diet, were treated up to 18 
weeks with AMP-DNM. The iminosugar prevented hyperlipidemia, generated a 
less atherogenic lipid profile, and induced a dramatic reduction in the develop-
ment of atherosclerotic lesions. At the highest dose, no lesions were detectable. 
The effect of AMP-DNM was associated with a decrease in liver cholesterol, an 
increase in bile secretion and enhanced excretion of cholesterol in the faeces. 
Similar effects of AMP-DNM were observed in mice deficient for the LDL-recep-
tor (LDLR-/-).
By lowering plasma cholesterol, the iminosugar AMP-DNM dramatically reduces 
the development of atherosclerosis in APOE*3 Leiden and LDLR-/- mice. Thus, 
targeting glycosphingolipid synthesis may be a new treatment modality to pre-
vent cardiovascular disease. 
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Introduction

Atherosclerosis is the primary cause of myocardial infarction and stroke and is 
the underlying cause of ≈ 50% of all deaths in occidental countries. Use of statins 
as primary and secondary prevention yields a 30% decrease in cardiovascular 
risk. To achieve a further substantial drop in cardiovascular morbidity and mor-
tality, new therapeutic modalities need to be developed. Targeting glycosphin-
golipid (GSL) synthesis may be an attractive alternative. 
In humans, the concentration of plasma GSLs is increased in conditions asso-
ciated with atherosclerosis risk and shows a positive correlation with plasma 
cholesterol [1,2]. 
In addition, it has been reported that GSLs accumulate in atherosclerotic lesions 
in humans and in apolipoprotein E-null (apoE-/-) mice[3]. Potential pro-athero-
genic properties have been proposed for GSLs, mainly for lactosylceramide (Lac-
Cer). LacCer was found to promote cholesterol accumulation in macrophage 
foam cells, inhibit cholesterol efflux and induce monocyte adhesion to endothe-
lial cells [4–6]. Myriocin, an inhibitor of serine palmitoyl transferase (SPT), which 
catalyses the initial step in sphingolipid biosynthesis, profoundly reduces the de-
velopment of atherosclerosis in apoE-/- mice [7,8]. However, its specific effect is 
difficult to interpret since in addition to GSL synthesis inhibition, myriocin also 
modulates numerous other sphingolipids which may have a role in the progres-
sion of the formation of atherosclerotic lesion.

The iminosugar N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-deoxynoijirimycin 
(AMP-DNM) is a specific inhibitor of glucosylceramide synthase, the enzyme 
catalyzing the initial step in GSL biosynthesis [9]. By decreasing the availability of 
glucosylceramide, AMP-DNM reduces the synthesis of more complex GSLs such 
as gangliosides, which play a crucial role in cell membrane properties [10]. Previ-
ous work has shown that the use of the iminosugar improves glucose tolerance, 
reduces hepatic steatosis and enhances insulin responsiveness in rodent models 
for type 2 diabetes [11,12]. In lean mice, AMP-DNM treatment led to a decrease 
of plasma lipids, and a stimulation of reverse cholesterol transport illustrated by 
an increase of biliary lipid secretion and an increase of fecal sterol excretion [13]. 
Furthermore, this compound was shown to convey a potent anti-inflammatory 
effect [14,15]. 

Based on all these observations, we postulated that AMP-DNM might also show 
beneficial effects on cardiovascular disease. Therefore, the aim of this study was 
to evaluate the effect of AMP-DNM on the progression of atherosclerosis.
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Materials And Methods

Materials
AMP-DNM was synthesized as previously described [16,17]. All solvents and re-
agents used were of analytical grade.

Mice and diets
APOE*3 Leiden transgenic mice [18] were maintained on C57Bl/6 homogeneous 
background and housed at the Institute Animal Core Facility in a temperature- 
and humidity-controlled-room with a 12-h light/dark cycle. Studies were per-
formed using female APOE*3 Leiden mice (8-12 weeks-old) fed for 18 weeks 
with a high cholesterol diet (1% cholesterol, 15% fatty acids; Arie Blok, Woerden, 
the Netherlands) supplemented with 0, 0.3 g or 0.6 g AMP-DNM. kg diet-1 to ob-
tain a calculated dose of 50 mg or 100 mg AMP-DNM. kg bw-1. day-1, respectively. 
When LDLR-/- mice were used, the diet contained 0.25% cholesterol for a period 
of 12 weeks. Experiments were performed with the approval of the Ethical Com-
mittee for Animal Experiments.

Plasma and tissue sampling
Blood samples were collected via the tail vein at the time points indicated in 
the figures. At the end of the experiments, large blood samples were collected 
by abdominal aorta puncture and plasma samples were stored at -20°C. Hearts 
were flushed with PBS to remove excess of blood before fixation in formalde-
hyde 1% (formal-fixx, Thermo Electron Corporation, Pittsburgh, USA) for 24 h 
and storage at -80°C embedded in tissue medium (Tissue-Tek O.C.T, Sakura, 
Zoeterwoude, the Netherlands). Other tissues were snap frozen in liquid N2 and 
stored at -80°C. 

Characterization of Atherosclerotic Lesions
Frozen sections from the aortic sinus were prepared according to Paigen et 
al[19]. Surface lesion area was measured after Oil Red O staining by computer-
assisted image quantification with Leica QWin software (Leica Microsystems, 
Wetzlar, Germany). Images were captured with a Leica DFC 420 (Leica Microsys-
tems, Wetzlar, Germany) video camera. Sirius red was used as staining of colla-
gen fibers. At least 5 sections per mouse were examined for each staining.

Bile and faeces sampling
24 hours of faeces were collected from cages during the last day of the treat-
ment. Mice were kept in their original cages to avoid stressful procedures. Fae-
ces were freeze-dried, weighed and grinded before storage at -20°C. Cannula-
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tion of the gallbladder and bile collection was performed as described previously 
[20]. After cannulation, bile was collected for 15 minutes and bile samples were 
immediately frozen and stored at -20°C. Bile flow was determined gravimetri-
cally assuming a density of 1 g.ml-1 for bile.

Measurement of intestinal cholesterol absorption
Intestinal cholesterol absorption was determined by the faecal dual-isotope ratio 
method [21] on mice fed for 6 weeks with the high cholesterol diet (see above) 
supplemented without or with AMP-DNM. Mice (n=5 per group) were given an 
intragastric bolus of 150 μl of olive oil containing 1 μCi of [14C]cholesterol (Am-
ersham Biosciences, USA) and 2 μCi of [3H]sitostanol (American Radiolabeled 
Chemicals, St Louis, USA) by gavage. Mice were housed with 2 to 3 animals per 
cage. Total faeces per cage were collected for 3 days, dried and grinded prior 
to extraction as described below. The ratios of the two radiolabels in the fae-
cal extracts and in the dosing mixture were used to calculate the percentage of 
cholesterol absorption.

Analytical procedures
Ceramide and glucosylceramide were determined in liver and plasma samples 
after lipids extraction according to Folch [22] by high-performance liquid chro-
matography (HPLC) analysis of orthophtaldehyde-conjugated lipids according 
to a procedure described previously [22]. Faecal neutral sterols were extracted 
from the faeces and measured by gas chromatography [23]. Biliary cholesterol, 
bile salt and phospholipids from bile were measured by fluorescent methods as 
described previously [24]. Cholesterol and triglycerides in plasma were deter-
mined using colorimetric enzymatic kits from Biolabo (Maizy, France). Plasma 
cholesterol concentrations in the main lipoprotein classes were determined in a 
pool of plasma of each group (5 mice) separated by high performance gel filtra-
tion chromatography (HPGC) as described before [25]. 

Statistical analysis
Values presented in figures represent mean ± SEM. Statistical significance be-
tween control (CTRL) and treated groups was determined by an ANOVA. 
*, p<0.05; **, p<0.01.
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Results

AMP-DNM treatment inhibits atherosclerosis and ameliorates 
hyperlipidemia in APOE*3 Leiden mice.
To investigate the effect of AMP-DNM on lesion formation, APOE*3 Leiden mice 
were treated for 18 weeks with a high cholesterol diet (1% w/w) supplemented 
with AMP-DNM to obtain doses of 0, 50 and 100 mg AMP-DNM. kg bw-1. day-1. 
Repeated dose of 100 mg. kg bw-1. day-1 of AMP-DNM does not show toxicity in 
mice (data not shown). In the APOE*3 Leiden mice, the drug did decrease food 
consumption from (2.4 ± 0.3 g diet. mouse-1.day-1 at 0 mg AMP-DNM versus 2.2 ± 
0.3 g diet at 50 mg to 2.0 ± 0.3 g diet at 100 mg) (supplemental fig IA). At the end 
of the treatment, the weight of the two treated groups was significantly lower 
compared to the control group (24.1 g ± 0.6 at 0 mg AMP-DNM versus 21.3 g ± 
0.3 at 50 mg versus 18.9 g ± 0.2 at 100 mg) (supplemental fig IB). Quantification 
of the lesions was performed after staining of the lipid deposits in the aortic 
sinus with Oil Red O (Figs 1A and 1B). AMP-DNM treatment had a spectacular 
inhibitory effect on the development of atherosclerosis in this model. Mice re-
ceiving the dose of 50 mg AMP-DNM showed a reduction of 86% in the amount 
of lesions compared to control animals. At 100 mg of AMP-DNM no lesions were 
detectable in the aortic sinus of the mice. 
To investigate the mechanism by which AMP-DNM limited atherogenesis, we 
first studied the effects of the iminosugar on plasma lipids. AMP-DNM dose-
dependently lowered plasma cholesterol (Fig 1C) as well as triglyceride concen-
trations (Fig 1D). This effect of AMP-DNM was observed from 6 weeks of ad-
ministration and stable over time and was reflected in an improved lipoprotein 
profile (Fig 1E). With 50 mg AMP-DNM, VLDL/LDL-cholesterol was reduced by 
about 20% and by 40% with 100 mg AMP-DNM. Conversely, the percentage of 
cholesterol carried in HDL increased from 9% to 15% with 50 mg and to 38% with 
100 mg AMP-DNM. 
Table 1 depicts the effect of AMP-DNM treatment on plasma GSL content. The 
high cholesterol diet without AMP-DNM induced a 10-fold increase of plasma 
glucosylceramide (GlcCer) and a 3-fold increase of ceramide (Cer). At the end of 
the experimental period, the mice treated with AMP-DNM showed a dose de-
pendent reduction of the amount of GlcCer and a concomitant reduction of the 
amount of Cer (Table 1). The amount of sphingomyelin determined in a pool of 
plasma also decreased at the end of the treatment: 68% and 83% of reduction 
with 50 and 100 mg AMP-DNM, respectively (data not shown). 
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Figure 1: AMP-DNM treatment inhibits the development of atherosclerosis and ameliorates hyperlipidemia 
in APOE*3 Leiden mice. 
APOE*3 Leiden mice were treated as described in Materials and Methods. (A) Representative photomicrographs 
of Oil Red O-stained fatty streaks in the aortic root of the indicated mice (original magnification x 5). 
(B) Quantitative analysis of atherosclerosis lesion size. Plasma concentration of cholesterol (C) and triglycerides 
(D) before the treatment (pre) and at the indicated time point. Data are expressed as mean ± SEM, n=10. 
**, p<0.01. 
(E) Distribution of cholesterol over the different lipoprotein fractions determined in a pool of plasma (5 mice) 
for each group. 
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AMP-DNM treatment lowers lipids in the liver of APOE*3 Leiden mice.
Next we focused on the effect of AMP-DNM on hepatic lipid metabolism. As 
expected, by inhibiting GlcCer synthase, AMP-DNM dose-dependently lowered 
the amount of hepatic GlcCer without a change in the amount of Cer (Table 1). 
The cholesterol and triglyceride contents were also decreased significantly in 
the liver of treated animals. Cholesterol decreased in a dose-dependent manner 
(Fig 2A), whereas the reduction in triglycerides was similar for the two doses 
of AMP-DNM (Fig 2B). No effect on hepatic choline-based phospholipids was 
observed (Fig 2C).
As a consequence of lowered hepatic cholesterol levels [26], expression of HMG-
CoA reductase (5.1-fold) and one of its main regulators, SREBP-2 (2-fold) were 
increased. In accordance, the expression of LXR, ABCA1, ABCG5 and ABCG8 were 
decreased whereas the expression of the VLDL-R and the LDL-R were up-regulat-
ed (supplemental Fig IIA). 

Figure 2: AMP-DNM treatment lowers plasma triglycerides and cholesterol in the liver. 
The content of cholesterol (A), triglycerides (B) and phospholipids (C) was determined in the liver of the 
animals at the end of the experiment. Data are expressed as mean ± SEM, n=10. **, p<0.01.

TABLE 1: Plasma and liver glucosylceramide (GlcCer) and ceramide (Cer) concentrations in APOE*3 Leiden 
mice fed with a high cholesterol diet without or with AMP-DNM at the indicated doses for 18 weeks.
Data are expressed as mean ± SEM of 5 mice. Pre-treatment values determined in 3 different pools of plasma 
collected before the start of the diet. **, p<0.01.

plasma (nmol.ml-1) liver (nmol.g-1 liver)

GlcCer Cer GlcCer Cer
pre-treatment 4.1±0.6 8.0±1.8 - -
control 41.6±4.7 22.1±2.6   35.1±1.9 97.8±7.3
50 mg 13.1±1.1** 8.3±2.5** 26.1±2.4** 120.9±18.2
100 mg 3.0±0.5** 3.3±0.4** 19.7±2.0** 116.1±13.0
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AMP-DNM treatment increases cholesterol output in APOE*3 Leiden 
mice.
Because AMP-DNM treatment strongly decreased cholesterol in plasma and 
in livers of the treated animals, we hypothesized that AMP-DNM may have in-
creased biliary lipid secretion and total sterol output. At the end of the treat-
ment period, we therefore collected hepatic bile for 15 min. AMP-DNM treat-
ment induced an increase of cholesterol secretion from 5.0 ± 0.3 nmol.min-1.100 
g bw -1 at 0 mg AMP-DNM to 8.8 ± 0.6 at 100 mg AMP-DNM (Fig 3A), bile salt 
(Fig 3B), phospholipid secretion (Fig 3C) and bile flow (Fig 3D) increased in a 
similar fashion. Interestingly, despite the high load of cholesterol in the diet the 
secretion of fecal neutral sterol increased from 182 μmol.24h-1.100g bw-1 in the 
control group to 232 μmol.24h-1.100g bw-1 with AMP-DNM treatment (Fig 4A). 
This increase was not accompanied by a decrease of cholesterol uptake in the 
intestine, as determined with the faecal dual-isotope ratio method (Fig 4B). 

Figure 4: AMP-DNM treatment 
stimulates faecal neutral sterol 
output without affecting 
cholesterol uptake. 
(A) Analysis of the sterol 
content in 24 hours faeces. 
Mean values of two cages (5 
mice per cage) are indicated 
by the horizontal bars. The 
determination of neutral 
sterols had a CV of less than 5%. 
(B) % of cholesterol absorption 
calculated with the faecal dual-
isotope ratio method21 after 6 
weeks of AMP-DNM treatment. 
Mean values of two cages (3 to 
2 mice per cage) are indicated 
by the horizontal bars.

Figure 3: AMP-DNM treatment stimulates bile lipids secretion. 
Biliary secretion of cholesterol (A), bile salts (B) and phospholipids (C) was determined after bile collection for 
15 min as described in the materials and methods. Bile flow (D) was determined assuming a density of 1 g.ml-1. 
Data are expressed as mean ± SEM, n=10. **, p<0.01.
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AMP-DNM treatment strongly affects atherosclerosis development in 
LDLR-/- mice.
To confirm the effect of AMP-DNM on atherosclerotic lesion formation we per-
formed a similar series of experiments in mice deficient for the LDL-receptor 
(LDLR-/-). Female LDLR-/- were fed a western type diet (0.25% cholesterol) sup-
plemented with the same amount of AMP-DNM to obtain the doses of 0, 50 and 
100 mg AMP-DNM. kg bw-1. day-1. Although both the diet-induced lesions and 
the diet-induced changes in plasma lipids were more significant in the LDLR-/- 
mice than in the APOE*3 Leiden mice, also in this model AMP-DNM inhibited 
lesion formation (Figs 5A and 5B), which was accompanied by a reduction in 
plasma cholesterol (Fig 5C) and triglycerides (Fig 5D) and an amelioration in the 
lipoprotein profile (Fig 5E).

Figure 5: AMP-DNM treatment inhibits the development 
of atherosclerosis and ameliorates hyperlipidemia in 
LDLR-/- mice. 
LDLR-/- mice were treated as described in Materials and 
Methods. (A) Representative photomicrographs of Oil Red 
O-stained fatty streaks in the aortic root of the indicated 
mice (original magnification x 5). (B) Quantitative analysis 
of atherosclerotic lesion size. Data represent mean ± 
SEM for at least 5 mice in each group. **, p<0.01. The 
concentration of cholesterol (C) and triglyceride (D) was 
determined in plasma of the indicated mice at the end 
of the treatment. Data are expressed as mean ± SEM of 
10 mice in each group. (E) Distribution of the cholesterol 
over the different lipoprotein fractions determined in a 
pool of plasma (5 mice) for each group.
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Discussion

The present study reveals that AMP-DNM, an inhibitor of GSL synthesis, dramati-
cally reduces plasma lipid concentration and atherosclerosis in APOE*3 Leiden 
mice. This beneficial effect of AMP-DNM was observed in APOE*3 Leiden mice 
and in LDLR deficient mice. In both models, we observed a strong dose-depen-
dent reduction of plasma cholesterol and triglycerides in combination with a 
dramatic reduction in the development of atherosclerotic lesions. Despite the 
addition of large amounts of cholesterol to the diet, in APOE*3 Leiden mice, 
plasma cholesterol remained close to wild type values with the dose of 100 mg 
AMP-DNM and plasma cholesterol did not rise above the threshold necessary to 
induce the formation of lesions [27]. It should be noted that AMP-DNM treat-
ment of APOE*3 Leiden mice reduced food consumption and bodyweight par-
ticularly at the highest dose. This effect was not observed in all mouse models. 
In fact, with the dose of 50 mg AMP-DNM, despite a strong reduction of plasma 
cholesterol, the food consumption of the LDLR-/- mice remained similar to what 
was observed for the control group during the dosing period (supplemental Fig 
IIIA). It therefore seems very unlikely that the beneficial effects of AMP-DNM can 
be contributed fully to reduced food intake.

Although the ability of AMP-DNM to lower plasma cholesterol levels seems piv-
otal in the reduction of lesions development, other effects of AMP-DNM have 
to be considered. The decrease of ceramide and sphingomyelin in the plasma 
of treated animals may play an additional role in the inhibition of atheroscle-
rosis. Levels of sphingomyelin in plasma correlate with the occurrence of coro-
nary heart disease in clinical studies [28] and ceramide is involved in lipoprotein 
aggregation and foam cell formation [29,30]. Reduction in both ceramide and 
sphingomyelin are not expected to occur as the result of inhibition of glucosyl-
ceramide synthase. In fact, the cholesterol to ceramide ratio and the cholesterol 
to sphingomyelin ratio in the plasma of the different groups did not change and 
remained stable despite the extreme modulation of plasma cholesterol. This 
suggests that a combined elimination of excessive cholesterol, ceramide and 
sphingomyelin occurs with AMP-DNM treatment. The mechanism underlying 
this intriguing phenomenon has not yet been elucidated. 
It is generally accepted that inflammatory processes play an important role in 
atherogenesis. AMP-DNM was earlier shown to convey a potent anti-inflamma-
tory effect in animal models of inflammatory bowel disease induced by chronic 
macrophage activation [29] and our group also reported a beneficial effect of 
AMP-DNM in mouse models of the metabolic syndrome, a disease characterized 
by chronic low grade inflammation [31]. In the mouse model studied here, AMP-
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DNM treatment also decreased TNF-α and CCL-2 expression in the liver (supple-
mental Fig II) and therefore its anti-inflammatory action may have contributed 
to the strong anti-atherogenic effect of AMP-DNM. 

An important observation in our study was the increase of bile salt and choles-
terol secretion in bile of AMP-DNM treated animals. A concomitant increase in 
the excretion of neutral sterol in the faeces was observed. It should be noted 
that when extrapolated to 24h, the stimulation of biliary cholesterol secretion 
could explain at most 30% of the increase in neutral faecal sterol excretion. The 
phenotype of animals treated with AMP-DNM resembles that of mice treated 
with ezetimibe, a potent inhibitor of intestinal cholesterol uptake [32]. In lean 
animals, ezetimibe induces a 6-fold increase of neutral sterol in the faeces [33]. 
In apoE-/-mice, ezetimibe induces a massive reduction in plasma cholesterol 
and a strong inhibition of the development of atherosclerosis [34]. Thus, to de-
termine whether AMP-DNM exerted an ezetimibe-like effect, we used the fae-
cal dual-isotope ratio method to determine the rate of cholesterol absorption. 
No effect on intestinal cholesterol uptake after treatment with AMP-DNM was 
found. In fact, the absorption seemed to be slightly increased with the dose of 
100 mg AMP-DNM. In addition the expression of NPC1L1, the main protein re-
sponsible for cholesterol uptake in the intestine [35], was not modulated by the 
inhibitor (supplemental Fig IIB). 
Since both inhibition of cholesterol uptake in the intestine and increase in biliary 
secretion of cholesterol could not account for the excess in faecal sterol excre-
tion observed with AMP-DNM, this may have been caused by an increase in 
trans-intestinal cholesterol excretion (TICE), the pathway characterized by van 
der Velde et al [36]. As yet, the individual proteins involved in TICE have not 
been identified but our present data suggest that GSLs modulate the activity of 
this pathway. 

The results of our study may suggest the use of GlcCer synthase inhibitors for 
prevention and or treatment of atherosclerosis. Pharmacological lowering of 
GSLs by inhibition of the GlcCer synthase is a valid therapeutic approach. A com-
pound structurally related to AMP-DNM and also an inhibitor of the GlcCer syn-
thase, Zavesca (1,5-(butylimino)-1,5-dideoxy-D-glucitol), is already registered for 
treatment of Gaucher disease [37]. Additionally, another well tolerated inhibitor 
of GSLs biosynthesis (Genz-112638) is presently being developed as oral therapy 
for Gaucher disease [38]. Our investigation indicates that further studies are 
warranted regarding the use of GSL biosynthesis inhibitors for cardioprotective 
therapy. 
In conclusion, our study points to the close association between the metabolism 
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of GSLs, lipoprotein metabolism and atherogenesis. We clearly demonstrate that 
AMP-DNM by inhibiting the biosynthesis of GSLs profoundly lowers plasma lipids 
by promoting reverse cholesterol transport, bile cholesterol secretion and most 
likely stimulates TICE, and thereby protects against atherosclerosis development 
in mouse models closely related to human pathology. 
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Supplemental Informations

Supplemental Materials And Methods
Determination of mRNA levels
Total RNA was isolated from approximately 100 mg of liver tissue or from the 
first 10 cm of the proximal intestine of APOE*3 Leiden mice using Trizol reagent 
according to the manufacturer's protocol (Invitrogen, Breda, The Netherlands). 
Purified RNA was 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 Nether-
lands) according to 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). Acidic ribosomal phosphoprotein (36B4) was used as standard 
housekeeping genes.

List of primers used for real time PCR.

forward reverse

PPARα TGAACAAAGACGGGATG TCAAACTTGGGTTCCATGAT

LXR TCAGCATCTTCTCTGCAGACCGG TCATTAGCATCCGTGGGAACA

FXR ACGAAGATCAGATTGCTTTGCTC CTCCGCCGAACGAAGAAAC

SREBP-2 TGAAGCTGGCCAATCAGAAAA ACATCACTGTCCACCAGACTGC

HMGCoAr TCTGGCAGTCAGTGGGAACTATT CCTCGTCCTTCGATCCAATTT

SREBP-1 GACCTGGTGGTGGGCACTGA AAGCGGATGTAGTCGATGGC

SCD1 TACTACAAGCCCGGCCTCC CAGCAGTACCAGGGCACCA

FAS CGAACCTGGCTGCCTACTAC GAGCCGTCAAACAGGAAGAG

MTP TCAAGAGAGGCTTGGCTAGCTT GGCCTGGTAGGTCACTTTACAATC

Cyp7A1 TGAACAAAGACGGGATG TCAAACTTGGGTTCCATGAT

BSEP TGGAAAGGAATGGTGATGGG CAGAAGGCCAGTGCATAACAGA

MDR-2 AGGCAGCGAGAAACGGAAC TGGTTGCTGATGCTGCCTAG

ABCA1 GGTTTGGAGATGGTTATACAATAGTTGT TTCCCGGAAACGCAAGTC

ABCG5 TGGCCCTGCTCAGCATCT ATTTTTAAAGGAATGGGCATCTCTT

ABCG8 CCGTCGTCAGATTTCCAATGA GGCTTCCGACCCATGAATG

SR-BI GGCTGCTGTTTGCTGCG GCTGCTTGATGAGGGAGGG

LDL-R CTGTGGGCTCCATAGGCTATCT GCGGTCCAGGGTCATCTTC

LRP TGGGTCTCCCGAAATCTGTT ACCACCGCATTCTTGAAGGA

VLDL-R GGCTCTGGCGAGTGCATT GCCGTCCTTGCAGTCAGG

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

CCL-2 ACGGCATGGATCTCAAAGAC AGATAGCAAATCGGCTGACG

TNFα AGGTCCCTGTCATGCTTCTGG CTGCTGCTGGTGATCCTCTTG
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Supplemental figure II: Effect of AMP-DNM on 
expression of key genes involves in lipid homeostasis 
and inflammation in the liver (A) and the proximal 
intestine (B) of APOE3* Leiden mice. 
mRNA was prepared from individual mice (n = 5 per 
group) and data are presented as means of 5 animals 
performed in duplicate ± SEM. Expression values are 
normalized to 36B4 and expression values in the control 
group were set as 1.00. Statistical significance between 
control and treated groups was determined by an ANOVA 
multiple comparison test. *, p<0.05; **, p<0.01.

Supplemental figure I: Effect of AMP-DNM on bodyweight and food intake in APOE*3 Leiden mice fed with 
1% cholesterol diet for 18 weeks and supplemented without or with AMP-DNM at 2 doses, 50 and 100 mg. 
kg (bw)-1.day-1. 
(A) Food intake based on the amount of food left in each cage of treatment (2 cages per treatment) at the 
end of each dosing week (Square, control group; triangle, 50 mg AMP-DNM; circle, 100 mg AMP-DNM). (B) 
Bodyweight of the animals at the end of the treatment. Data are expressed as mean ± SEM, n=10. Statistical 
significance between control and treated groups was determined by an ANOVA multiple comparison test. 
**, p<0.01.      
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Supplemental figure III: Effect of AMP-DNM on plasma lipids in LDLR -/- mice fed with 0.25 % cholesterol 
diet for 12 weeks and supplemented without or with AMP-DNM at 2 doses, 50 and 100 mg. kg (bw)-1.day-1. 
(A) Food intake based on the amount of food left in each cage of treatment (2 cages per treatment) at the 
end of each dosing week (Square, control group; triangle, 50 mg AMP-DNM; circle, 100 mg AMP-DNM). (B) 
Bodyweight of the animals at the end of the treatment. Data are expressed as mean ± SEM, n=10. Statistical 
significance between control and treated groups was determined by an ANOVA multiple comparison test. **, 
p<0.01.

Supplemental table I: Concentration of plasma glucosylceramide (GlcCer) and ceramide (Cer) in LDLR -/- 
mice fed with 0.25 % cholesterol diet for 12 weeks and supplemented without or with AMP-DNM at 2 doses, 
50 and 100 mg. kg (bw)-1.day-1. 
Data are expressed as mean ± SEM, n=5. Statistical significance between control and treated groups was 
determined by an ANOVA multiple comparison test. *, p<0.05; **, p<0.01.

Control 50 mg 100 mg

GlcCer  (nmol.ml-1) 117.8±9.0 27.1±5.0** 7.2±0.7**

Cer  (nmol.ml-1) 47.7±5.5 28.0±5.1* 10.7±2.4**

Supplemental table II: Concentration of lipids in liver of LDLR -/- mice fed with 0.25 % cholesterol diet for 
12 weeks and supplemented without or with AMP-DNM at 2 doses, 50 and 100 mg. kg (bw)-1.day-1. 
Data are expressed per gram of tissue as mean ± SEM (n=5) for glucosylceramide (GlcCer) and ceramide (Cer) 
levels and as mean ± SEM (n=10) for cholesterol and triglyceride levels. Statistical significance between control 
and treated groups was determined by an ANOVA multiple comparison test. *, p<0.05; **, p<0.01.

Control 50 mg 100 mg

GlcCer  (nmol.g-1 liver) 74.6±9.2 27.8±1.8** 28.1±4.4**

Cer  (nmol.g-1 liver) 149.6±20.6 225.2±30.9 262.8±23.6*

cholesterol (μmol.g-1 liver) 11.1±0.5 9.5±0.7 7.9±1.0*

triglycerides (μmol.g-1 liver) 5.6±0.5 4.0±0.3* 3.6±0.4**

phospholipids (μmol.g-1 liver) 9.2±0.4 8.8±0.1 8.6±0.6
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Supplemental table III: Bile secretion in LDLR -/- mice fed with 0.25 % cholesterol diet for 12 weeks and 
supplemented without or with AMP-DNM at 2 doses, 50 and 100 mg. kg (bw)-1.day-1. 
Bile was collected for 15 min and biliary lipids were determined as described in the materials and methods. 
Data are expressed as mean ± SEM, n=5. **, p<0.01.

                                                                                        Bile

control 50 mg 100 mg

bile flow (μl.min-1.100g bw-1) 3.6±0.8 9.2±1.2** 5.6±0.3

cholesterol (nmol.min-1.100g bw-1) 1.2±0.3 3.7±0.4** 2.5±0.4

bile salt (nmol.min-1.100g bw-1) 253.0±57.6 620.6±87.7** 376.1±47.6

phospholipids (nmol.min-1.100g bw-1) 36.2±8.1 93.3±11.3** 60.2±5.0
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Abstract

The administration to rodents of the lipophilic iminosugar AMP-DNM, (N-(5’-
adamantane-1’-yl-methoxy)-pentyl-1-deoxynojirimycin), reduces glycosphingo-
lipids in various tissues as a result of inhibition of glucosylceramide synthase. 
In both APOE*3 Leiden and LDLR (-/-) mice fed a western type diet, AMP-DNM 
treatment strikingly lowers plasma cholesterol and prevents development of 
atherosclerosis. The underlying mechanism for the beneficial effect is unknown. 
AMP-DNM inhibits not only glucosylceramide synthase, but also the lysosomal 
and non-lysosomal glucocerebrosidases, GBA1 and GBA2. The idose-analogue 
of AMP-DNM, L-ido-AMP-DNM, similarly to AMP-DNM inhibits glucosylceramide 
synthase and the non-lysosomal glucosylceramidase GBA2. However, the idose-
analogue hardly inhibits the lysosomal glucocerebrosidase GBA1 in contrast to 
AMP-DNM. In this study we compared the capacity of AMP-DNM and L-ido-AMP-
DNM to prevent the development of atherosclerosis in LDLR (-/-) mice receiving 
an atherogenic diet for 12 weeks. L-ido-AMP-DNM and AMP-DNM treatment 
nicely lowered tissue glucosylceramide and gangliosides, but only AMP-DNM 
prevented markedly lesion development (-16% with L-ido-AMP-DNM vs -60% 
with AMP-DNM). In contrast to AMP-DNM, L-ido-AMP-DNM hardly caused in-
creased biliary and fecal cholesterol excretion. Our results suggest that the po-
tent anti-atherogenic effect of AMP-DNM requires concomitant inhibition of 
GBA1.

Keywords: iminosugars, atherosclerosis, lipids, glucosylceramide synthase, gly-
cosphingolipids, glucocerebrosidase
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Introduction

Cardiovascular diseases constitute a high societal burden. Abnormalities in lipid 
metabolism contribute to the development of atherosclerosis. A high plasma 
cholesterol level is a well-established risk factor in this respect, especially a high 
sterol concentration in the low density lipoprotein (LDL-C) [1]. Ample evidence 
exists from population-based studies and clinical trials for the notion that LDL-C 
reduction is an effective strategy to prevent atherosclerosis [2]. Statins are pow-
erful LDL-C lowering agents that represent the therapy of choice for treatment 
of hyperlipidemia associated with cardiovascular events [3]. Unfortunately, re-
cent surveys have shown that certain categories of patients with a high cardio-
vascular risk fail often to achieve their therapeutic goal [4–6]. Therefore, novel 
classes of sterol-lowering drugs acting by different mechanisms are considered 
to be needed [7]. Such a new class of drugs might be hydrophobic iminosug-
ars that modulate the glycosphingolipid metabolism [8]. Glycosphingolipids 
have been earlier implicated in atherosclerosis [8], and their cellular function 
as components of lipid rafts is related to that of cholesterol [9]. Cholesterol and 
glycosphingolipids are also both components of lipoprotein particles [10,11]. 
In both humans and rodents, high levels of glycosphingolipids have been ob-
served in lesions and plasma [12,13]. Moreover, lactosylceramide (LacCer) has 
been suggested to stimulate proliferation of aortic smooth muscle cells and high 
concentrations of gangliosides seem to increase LDL uptake by mouse perito-
neal macrophages [14]. Of interest in this connection, oxidized LDL has been 
reported to stimulate the synthesis of LacCer [15]. Deoxynojirimycins with hy-
drophobic N-substituents, a subclass of iminosugars, are inhibitors of several 
enzymes involved in glycosphingolipid synthesis. A member of this class, the 
lipophilic iminosugar AMP-DNM (N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-
deoxynojirimycin) is a potent inhibitor of the enzyme glucosylceramide synthase 
(GSC) [16]. In a previous study [8] we fed mice prone to develop atherosclero-
sis (APOE3*Leiden and LDLR (-/-) mice) an atherogenic diet supplemented with 
AMP-DNM, and we observed a strong inhibition of atherosclerotic plaques de-
velopment. The inhibition of atherosclerosis progression was accompanied by a 
correction of the hyperlipidemic status of the mice and by a strong stimulation 
of bile and fecal sterol output, a possible indicator of increased reverse cho-
lesterol transport [8]. AMP-DNM is not a specific inhibitor of glucosylceramide 
synthase. It is able to inhibit other enzymes, such as the lysosomal glucocerebro-
sidase GBA1 and the non- lysosomal glucocerebrosidase GBA2 as well as intes-
tinal sucrase [17]. One may therefore wonder whether the impressive effect of 
AMP-DNM on lesion development and lipid metabolism can be explained solely 
by reduction of glycosphingolipid levels. Recently, our group developed several 
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derivatives of AMP-DNM aiming to improve selectivity and potency towards GCS 
inhibition [17]. Among the different derivatives, L-ido-AMP-DNM, a C-5 epimer 
of AMP-DNM (figure 1) proved to be a more selective inhibitor [17]. The newly 
synthesized L-ido analogue inhibits GCS on a par with AMP-DNM (IC50 of 150 and 
180 nM, respectively). The non-lysosomal GBA2 is potently inhibited by both 
AMP-DNM and L-ido-AMP-DNM (IC50 of 1 and 30 nM, respectively). The intes-
tinal sucrase is not inhbited by L-ido-AMP-DNM in contrast to AMP-DNM [17]. 
The major difference between the idose analogue and AMP-DNM is in the much 
poorer inhibition of GBA1 by L-ido-AMP-DNM compared to AMP-DNM (IC50 of 
>2000 and 200 nM, respectively). Importantly, the pharmacokinetic properties 
of both iminosugars have been found to be very similar [17]. A comparison of 
AMP-DNM and L-ido-AMP-DNM treatment of LDLR (-/-) mice with respect to 
cholesterol homeostasis and development of atherosclerotic lesions was under-
taken by us. The comparison allows an assessment of the importance of GBA1 
inhibition for the noted beneficial effect of AMP-DNM on atherosclerosis. The 
outcome of the investigation suggests that the concomitant inhibition lysosomal 
glucocerebrosidase GBA1 is necessary to promote a marked correction in cho-
lesterol homeostasis and the prevention of atherosclerosis.
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Figure 1. Chemical structures of the two iminosugar and respective IC50 values in nM.
(A) AMP-DNM and (B) L-ido-AMP-DNM. The two compounds are C-5 epimers and present similar 
pharmacokinetic properties. Based on the IC50 values the main difference between the two iminosugars is laid 
in their inhibition of GBA1.
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Materials And Methods

Materials
AMP-DNM and L-ido-AMP-DNM were synthesized as previously described [17]. 
All solvents and reagents used were of analytical grade.

Mice and diets
For the study we used female LDLR (-/-) mice 8 to 10 weeks old. The animals 
were fed a western type diet (0.25 % w/w cholesterol; 15% w/w fat, Arie Blok, 
Woerden, the Netherlands) for 12 weeks supplemented or not with a calculated 
dose of 50 mg/kg bw/day AMP-DNM or L-ido-AMP-DNM. 
LDLR (-/-) mice were housed at the Institute Animal Core Facility in a tempera-
ture- and humidity-controlled-room with a 12-h light/dark cycle. All experiments 
were approved by the institutional review board for animal experiments (Dier 
Ethische Commissie (DEC)) at the Academic Medical Center (Amsterdam, The 
Netherlands).

Plasma and tissue sampling
Blood samples were collected via the tail vein during the study. At the end of the 
experiments, large blood samples were collected by abdominal aorta puncture 
and plasma samples were stored at -20°C. Hearts were flushed with PBS to clean 
up excess of blood before fixation in formaldehyde 1% (Thermo Electron Corpo-
ration, Pittsburgh, USA) for 24 hours and storage at -80°C embedded in tissue 
medium (Tissue-Tek O.C.T, Sakura, Zoeterwoude, the Netherlands). Other tissues 
were snap frozen in liquid N2 and stored at -80°C. 

Characterization of Atherosclerotic Lesions
Frozen sections from the aortic sinus were prepared according to Paigen et al. 
[18]. Surface lesion area was measured after Oil Red O staining by computer-as-
sisted image quantification with Leica QWin software (Leica Microsystems, Wet-
zlar, Germany). Images were captured with a Leica DFC 420 (Leica Microsystems, 
Wetzlar, Germany) video camera. 

Bile and feces sampling
Twenty-four hours fecal collection for each cage (2-5 animals per cage) was per-
formed at the end of the study. Samples were freeze-dried, weighed and pow-
dered before storage at -20°C. Cannulation of the gallbladder and bile collection 
was performed as described previously [8]. After cannulation, bile was collected 
for 15 minutes and bile samples were immediately frozen and stored at -80°C. 
Bile flow was determined gravimetrically assuming a density of 1 g/ml.
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Analytical procedures
(Glyco)sphingolipids were determined in plasma and liver samples after lipid ex-
traction according to Folch [19]. Ceramide (Cer), glucosylceramide (GlcCer) and 
sphingomyelin (SM) were analyzed by high-performance liquid chromatography 
(HPLC) analysis according to a procedure described previously [20]. Gangliosides, 
largely GM2-glycolyl, were separated by normal-phase HPLC and quantified as 
previously described [21], using the gangliosides Gt1b as an internal standard.
Fecal neutral sterols were extracted from the feces and measured by gas chro-
matography [22]. Biliary parameters were measured by fluorescent methods as 
described previously [8]. Cholesterol (CH) and triglycerides in plasma and liver 
were determined using commercial colorimetric enzymatic kits (Biolabo, Maizy, 
France). Plasma cholesterol distribution in the main lipoprotein classes were de-
termined in a pool of plasma of each group (8 to 10 mice) separated by high 
performance gel filtration chromatography (HPGC) as described before [23]. 
AMP-DNM and L-ido-AMP-DNM in plasma were measured after extraction using 
the method of Bligh and Dyer. Samples were then analyzed by LC-ESI-MS/MS as 
previously described [24].

Statistical analysis
Values presented in figures represent mean ± SEM. Statistical significance be-
tween control (ctrl) and treated groups was determined by ANOVA with Dun-
net’s multiple comparison. P-values < 0.05 were considered significant.
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Results

Effect of iminosugars on glycosphingolipids, cholesterol and 
triglycerides
Female LDLR (-/-) mice were fed with a lipid-rich western diet for 12 weeks. AMP-
DNM and L-ido-AMP-DNM (structure formula’s shown in figure 1) were added 
to the diet to obtain an intake of 50 mg iminosugar/kg bw/day. The steady-state 
plasma concentrations of the iminosugars were 300 and 200 nM for AMP-DNM 
and L-ido-AMP-DNM treated animals respectively. Control animals received the 
same food without iminosugars. No significant differences in body weight or 
food intake in the different experimental groups were observed. 
As earlier reported, LDLR (-/-) mice receiving a western diet for 12 weeks, showed 
marked abnormalities in plasma and hepatic glycosphingolipids, cholesterol and 
triglycerides [8]. The administration of both iminosugars resulted in improved 
lipid concentrations in the liver (Table 1). The hepatic glucosylceramide concen-
tration was lowest in L-ido-AMP-DNM treated animals. In the plasma of imino-
sugar treated LDLR (-/-) mice, hyperlipidemia was less prominent after 12 weeks 
of western diet (see figure 2). Intriguingly, cholesterol and triglycerides levels 
were significantly lower with AMP-DNM treatment than the ones achieved with 
L-ido-AMP-DNM treatment. Analysis of the cholesterol distribution over the dif-
ferent lipoproteins revealed that, the iminosugar-induced reduction of choles-
terol took largely place at the level of VLDL and IDL/LDL particles (figure 2E). 
Plasma lipid ratios (table 2) were unchanged in the three experimental groups 
except for ratios of lipids to glucosylceramide, due the direct inhibition of gluco-
sylceramide synthesis responsible for its synthesis. 

Table 1. Lipid levels in liver of AMP-DNM and L-ido-AMP-DNM treated LDLR (-/-) mice. 
Concentrations are expressed as nmol/g liver. Abbrevations GlcCer: glucosylceramide; Cer: ceramide; 
GM2-gl: ganglioside GM2-glycolyl ; SM: sphingomyelin. Values are expressed as mean ± SEM 
*p<0.05;**p<0.01;***p<0.001; n=5 to 10 
     

GlCer Cer GM2-gl SM Cholesterol Triglyceride

CTRL 47±5.4 127±7.6 282±38 470±76 14.8±0.9 9.3±1

AMP-DNM 34.8±5* 179±14* 285±30 615±68 13.5±1.3 7±0.5*

Ido-AMP-DNM 17.5±1.7*** 153±8.3 129±12** 516±51 10.5±0.3** 10±0.8
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Table 2. Lipid ratios in plasma of untreated and iminosugar treated LDLR (-/-) mice.
Abbrevations: CH: cholesterol; GlcCer: glucosylceramide; SM: sphingomyelin; Cer: ceramide. Values are 
expressed as mean ± SEM *p<0.05;**p<0.01;***p<0.001; n=5 to 10

CH/Cer CH/GlcCer CH/SM Cer/GlcCer Cer/SM

CTRL 0.99±0.06 0.5±0.05 0.05±0.003 0.5±0.03 0.05±0.006

AMP-DNM 1.1±0.08 1.1±0.1*** 0.04±0.002 0.9±0.1** 0.03±0.003

Ido-AMP-DNM 0.9±0.05 1.5±0.08*** 0.05±0.005 1.7±0.09*** 0.05±0.006

Figure 2. Treatment with the two iminosugars decreased GSL and ameliorates hyperlipidemia in LDLR (-/-) 
mice. 
(A) Glucosylceramide; (B) Ceramide and (C) Sphingomyelin levels in plasma. Chow group represents mice on a 
standard chow diet (n=5). (D) Plasma cholesterol and (E) triglycerides, before (PD) and at the end of the study. 
Values are expressed as mean ± SEM *p<0.05; ***p< 0.001. (F) Lipoprotein profile showing distribution of 
cholesterol determined in pooled plasma (n=8 to 10) for each group.
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Effect of iminosugar treatment on cholesterol excretion
In our previous study we showed that AMP-DNM stimulates biliary and fecal 
cholesterol excretion from the animal body [8]. We investigated the effect of 
L-ido-AMP-DNM on these pathways. Bile of 5 animals from each group was col-
lected and analyzed for cholesterol, bile salts and phospholipid content. Neutral 
sterol content was analyzed in the animal fecal samples. In the present study the 
animals treated with AMP-DNM again showed increased cholesterol excretion in 
both bile and feces. In contrast to the findings with the parent compound AMP-
DNM, we did not observe an increase of biliary secretion with L-ido-AMP-DNM 

Effect of iminosugars on lesion development
When fed the atherogenic western diet, LDLR (-/-) mice develop severe athero-
sclerotic lesions, especially at the aortic sinus. In our study, control animals after 
12 weeks of western diet, showed advanced and extended plaques (figure 3). 
AMP-DNM treated mice showed, consistent with our previous study [8], a 60% 
inhibition of the development of lesions. In contrast, L-ido-AMP-DNM treatment 
did hardly (-16%) inhibit the progression of the atherosclerotic plaques (figure 
3).

Figure 3. AMP-DNM but not L-ido-AMP-DNM 
treatment inhibits the development of atherosclerotic  
lesions. 
LDLR (-/-) mice were treated with or without AMP-
DNM or L-ido-AMP-DNM as described in Materials and 
Methods. 
(A) Representative micrographs of the aortic sinus 
stained with Oil red O for lipid (magnification 5X). 
(B) Quantitative analysis of atherosclerotic lesion areas. 
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treatment when compared to control animals (figure 4). Fecal sterol excretion 
was neither increased (figure 5).

Figure 4. 
AMP-DNM but 
not L-ido-AMP-
DNM treatment 
stimulates biliary 
lipid secretion. 
(A) Bile flow; 
(B)Biliary cholesterol; 
(C) Bile salts; 
(D) Phospholipids. 
Lipids were measured 
in bi le col lected 
for 15 minutes as 
described in Material 
and Methods. Values 
are expressed as 
mean ± SEM; n= 5 
*p<0.05;**p<0.01.

Figure 5. 
AMP-DNM but not 
L - i d o - A M P - D N M 
treatment increased 
fecal neutral sterol 
output. 
During 24 hours 
feces was collected 
from the different 
cages (n= 2 to 5 
animals per cage). 
LDLR (-/-) mice were 
treated with 0 or 
50 mg/kg bw/day 
AMP-DNM or L-ido-
AMP-DNM mixed 
in the diet for 12 
weeks.
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Discussion

In this study we compared two structurally closely related iminosugars, AMP-
DNM and L-ido-AMP-DNM, with respect to their potency to ameliorate ath-
erosclerotic lesion formation. Surprisingly, a major difference in ability of L-
ido-AMP-DNM and AMP-DNM in prevention of atherosclerosis was noted. A 
prominent beneficial anti-atherogenic effect was only demonstrable for AMP-
DNM. Concomitantly only this compound resulted in pronounced cholesterol 
lowering and stimulation of cholesterol output. The distinct effect of the two 
iminosugars, both inhibitors of glucosylceramide synthase, on cholesterol ho-
meostasis is of interest. Inhibition of glucosylceramide synthase alone seems to 
be not sufficient to maximally prevent atherosclerosis. Clearly, AMP-DNM, but 
not L-ido-AMP-DNM, contains an additional feature that is essential for its full 
beneficial effect on cholesterol homeostasis. A closer inspection of AMP-DNM 
and its idose analogue is therefore of interest. The two compounds, showing 
similar pharmacokinetics and dynamics [17], are similar inhibitors of the enzyme 
glucosylceramide synthase and both are very potent (low nanomolar) inhibitors 
of the non-lysosomal glucocerebrosidase GBA2. L-ido-AMP-DNM and AMP-DNM 
do however clearly differ in ability to inhibit the lysosomal glucocerebrosidase 
GBA1.
At the measured plasma steady state iminosugar concentrations in AMP-DNM 
and L-ido-AMP-DNM treated mice (concentrations 300 nM and 200 nM respec-
tively), and considering the IC50 values for GBA1 (listed in figure 1), it is likely that 
GBA1 is inhibited in AMP-DNM but not with L-ido-AMP-DNM treated animals. In 
our previous study we used a higher dose of AMP-DNM (resulting in even stron-
ger GBA1 inhibition) and observed an even more complete protective effect on 
lesion development [8]. We observed that L-ido-AMP-DNM treatment resulted 
in a more effective reduction of glucosylceramide in liver, presumably due to the 
fact that the degradation of this lipid by GBA1 is not impaired in contrast to situ-
ation in AMP-DNM treated animals. We also noted that iminosugar treatment 
reduces excessive plasma lipids and corrects the abnormal lipoprotein profile of 
these hyperlipidemic mice. Again, the extent of this correction is dependent on 
the iminosugar used, with AMP-DNM being more potent. 
AMP-DNM and its idose-analogue exerted a different effect on bile production 
and excretion. Only AMP-DNM treatment increased bile production and excre-
tion. Increasing bile acids and bile cholesterol excretion is a well-known method 
to improve lipid metabolism, to decrease LDL-C and to improve atherosclerosis 
[25,26]. Studies on patients with CAD have revealed a decreased bile acid pro-
duction and excretion [27]. Also in our study, bile acid excretion negatively cor-
related with lesion area (r2=0.67;P= 0.007;n=5). 
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Another indication that the beneficial action of AMP-DNM may be dependent 
on inhibition of GBA1 comes from clinical observations on Gaucher disease pa-
tients. GBA1 is deficient in this inherited lysosomal storage disorder [28,29]. Of 
interest, Gaucher disease is associated with the occurrence of gallstones, even 
in young man. This phenomenon is ascribed to increased biliary cholesterol ex-
cretion [30]. In mice treated with AMP-DNM increased bile flow together with 
increased biliary cholesterol and bile salts excretion is generally observed [8,31]. 
Similar to the lipoprotein lowering effect of AMP-DNM, Gaucher patients pres-
ent low levels of both LDL and HDL cholesterol [32,33]. Despite low levels of 
HDL-C, Gaucher patients are not at risk for cardiovascular disease [34]. Very re-
cently it has been reported by Harzer and colleagues that the lysosomal glu-
cocerebrosidase GBA1 also hydrolyzes bile acid 3-O-beta-glucoside [35]. It is at 
present unclear whether abnormalities in this bile acid induced by AMP-DNM 
treatment underlie the potent imunosugars cholesterol-lowering effect. This 
possibility warrants further investigation.

Based on our results it seems that AMP-DNM positively modulates lipid metabo-
lism and has anti-atherogenic features by its ability to inhibit glucosylceramide 
synthase as well as partially GBA1. A role in atherogenesis for the enzyme GBA2, 
the non-lysosomal glucosylceramidase that is also inhibited by AMP-DNM and 
L-ido-AMP-DNM, seems to be unlikely. Firstly, at the concentration of around 
200 nM L-ido-AMP-DNM, just like AMP-DNM, completely inhibits GBA2 without 
exerting the beneficial anti-atherogenic effect. In addition to this, a study per-
formed with GBA2 -/- mice by Yildiz and co-workers showed that cholesterol and 
bile metabolism where not altered [36]. 
Given the striking beneficial effects of AMP-DNM on atherogenesis, further in-
vestigations are needed to identify the precise mode of action and in particular 
the need for partial GBA1 inhibition. A better understanding of the mode of ac-
tion would be of great value in developing an iminosugar-type drug for preven-
tion of coronary heart disease in man. 
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Abstract

The compound AMP-DNM (N-(5’-adamantane-1’yl-methoxy)-pentyl-1-de-
oxynoijirimycin) is a potent inhibitor of the glycosphingolipid synthesizing en-
zyme glucosylceramide synthase. In our previous study we have shown that 
administration of AMP-DNM prevented hyperlipidemia and atherosclerotic le-
sion development in APOE*3 Leiden and LDLR(-/-) mice. In the current study we 
determined whether treatment with AMP-DNM can promote regression and/or 
stabilization of already pre-existing plaques. For this purpose LDLR(-/-) mice were 
fed a western diet for 12 weeks to achieve lesion development. Subsequently, 
mice were treated with or without AMP-DNM for 6 weeks. The treatment ame-
liorated the hyperlipidemic status of the animals, but did not result in significant 
regression of atherosclerotic lesions. In conclusion, six weeks administration of 
the inhibitor AMP-DNM is not sufficient to positively affect atherosclerotis.

 Key words: atherosclerosis, cholesterol, glucosylceramide, regression
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Introduction

Atherosclerosis is a dynamic process involving different features such as endo-
thelial dysfunction, lipid accumulation and chronic inflammation [1]. The evo-
lution of a stable atherosclerotic lesion to a vulnerable stadium is crucial for 
the manifestation of acute coronary complications. Despite significant medical 
advances, atherosclerosis is still the leading cause of death in Western society. 
Treatment with statins, inhibitors of 3-hydroxy-3-methylglutaryl-CoA reductase, 
is currently the therapy of choice to treat hypercholesterolemia associated with 
cardiovascular events. However two-thirds of the statin-treated patients still ex-
perience cardiovascular events [2]. Moreover atherosclerosis slowly develops 
over lifetime, but therapies that effectively stimulate the regression of athero-
sclerotic lesions are currently lacking and further research for new therapeutic 
agents are needed. Increasing evidence has accumulated demonstrating that 
glycosphinoglipids (GSL) play an important role in the atherogenetic process [3]. 
High GSL levels in atherosclerotic lesions and serum have been observed in ath-
erogenic animal models as well as in humans [4–6]. Modulation of sphingolipid 
and GSL metabolism with the serine palmitoyltransferase inhibitor, myoricin, re-
sulted in a decrease in the amount of atherosclerotic lesions in APOE -/- mice 
[7]. Our group recently developed a new compound that specifically targets 
glycosphingolipid synthesis, the iminosugar N-(5’-adamantane-1’-yl-methoxy)-
pentyl-1-deoxynoijirimycin (AMP-DNM). This compound is an inhibitor of the 
enzyme glucosylceramide synthase [8]. In a previous study, we investigated the 
effect of GSL lowering in two mouse models for hyperlipidemia and atheroscle-
rosis: APOE*3 Leiden and LDLR(-/-) mice. We were able to show that feeding 
the animals a western diet supplemented with AMP-DNM resulted in a strong 
inhibition of the development of atherosclerotic plaques in both models. This 
effect on the lesion progression was associated with low plasma levels of GSL 
but also of cholesterol and triglycerides. In that study the lipoprotein profile of 
treated mice was improved and the reverse cholesterol transport pathway was 
stimulated. In addition, mice receiving the treatment showed a decrease of in-
flammatory cytokines in plasma [3]. However, this study focused on lesions de-
velopment but not on lesion regression. 
In the current study the impact of AMP-DNM on established atherosclerotic le-
sions has been examined. To address this question, lesion size at the aortic sinus 
was monitored in LDLR(-/-) mice fed a western diet for 12 weeks and subse-
quently treated for 6 weeks with AMP-DNM[9] In a previous study, we showed 
that AMP-DNM treatment reduced plasma lipids and corrected non alcoholic 
steatohepatitis (the liver manifestation of the metabolic syndrome) induced by 
the high fat diet [9]. In the present study, we observed that despite the reduc-
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tion of plasma lipids, no significant change in the extent of atherosclerosis in the 
aortic sinus of the animals was observed.
 
Materials And Methods

Materials
AMP-DNM was synthesized as previously described [10]. All solvents and re-
agents used were of analytical grade.

Animals study
Four groups of 10 female LDLR(-/-) mice (8-10 weeks-old) were fed for 12 weeks 
a western diet (0.25% w/w cholesterol, 15% w/w fatty acids; Arie Blok, Woerden, 
the Netherlands) to induce the development of atherosclerotic lesions. Then 
one group was sacrificed to establish the stage of the atherosclerotic plaques. 
The remaining three groups were fed for six additional weeks the western diet, 
supplemented with or without AMP-DNM at the doses of 50 and 100 mg/kg/day 
[9]. The study was approved by the local ethical committee for animal experi-
ments. 

Plasma and tissue sampling
Blood samples of non-fasted animals were collected during the study via the tail 
vein and by abdominal aorta puncture for terminal samples. Plasma samples 
were stored at -20°C. Hearts were flushed with PBS before fixation in formal-
dehyde 1% (formal-fixx, Thermo Electron Corporation, Pittsburgh, USA) for 24 
h and stored at -80°C embedded in tissue medium (Tissue-Tek O.C.T, Sakura, 
Zoeterwoude, the Netherlands). Cryostat sections of 7 μM from the aortic sinus 
were prepared according to Paigen et al [11]. Atherosclerotic lesions were de-
tected with Oil Red O staining. Collagen fibers were stained with 0.2% picro-siri-
us red. Anti-MOMA-2 (Abcam, Cambridge, UK diluted 1:50) was used for staining 
of macrophages and anti-alpha smooth muscle actin antibody (diluted 1:100) 
for staining of smooth muscle cells. Sections were then incubated with the cor-
responding secondary antibody and detected with DAB as chromogen. For all 
stainings, haematoxylin (Sigma-Aldrich, Zwijndrecht, the Netherlands) was used 
as counterstain. Primary antibodies were omitted in negative control samples. 
All quantifications were performed by using computer-assisted image quanti-
fication with Leica QWin software (Leica Microsystems, Wetzlar, Germany). Im-
ages were captured with a Leica DFC 420 video camera.
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Analytical procedures
Cholesterol and triglycerides in plasma were determined using colorimetric en-
zymatic kits (Biolabo, Maizy, France). Ceramide and glucosylceramide were de-
termined in liver and plasma samples after Folch extraction by high-performance 
liquid chromatography (HPLC) analysis of orthophtaldehyde-conjugated lipids 
according to a procedure described previously [12]. Plasma cholesterol concen-
trations in the main lipoprotein classes were determined in a pool of plasma of 
each group (10 mice) separated by high performance gel filtration chromatogra-
phy (HPGC) as described before [13]. 

Statistical analysis
Values presented in figures represent mean ± SEM. Statistical significance be-
tween control group (CTRL) and the other groups was determined by ANOVA 
with Dunnet’s multiple comparison of means test . P-values < 0.05 were consid-
ered significant.
 
Results

AMP-DNM reduces GSLs in plasma
To evaluate the impact of treatment with AMP-DNM on atherosclerotic lesion 
regression, LDLR(-/-) mice fed 12 weeks with a western diet (baseline) and then 
fed 6 extra weeks with the western diet alone (ctrl) or supplemented with two 
different doses of AMP-DNM (50mg and 100mg) were used [9].  No differences 
in body weight and food intake before and after the treatment in the different 
groups were observed. At the end of the study, animals with AMP-DNM treat-
ment showed a ~ 60% decrease of glucosylceramide levels in plasma for the 50 
mg group and a~90% decrease with 100 mg, as compared with the baseline and 
control groups [9].

AMP-DNM corrects hyperlipidemia
8 weeks old LDLR(-/-)mice were fed a western diet for 12 weeks, in order to 
develop atherosclerotic lesion. After this period on western diet the animals of 
all groups had high levels of cholesterol and triglycerides in plasma. 6 weeks 
of treatment with AMP-DNM at the two doses resulted in correction of hyper-
lipidemia in the treated animals [9]. However, the lowering effect on plasma 
cholesterol did not occur directly after the switch of the diet. One week after 
starting the treatment the animals still showed high levels of cholesterol but low 
triglycerides in plasma (Fig1A, B). The lipoprotein profile, analysed after 6 weeks 
of treatment, was also corrected in the treated animals, showing less cholesterol 
distributed in the VLDL and LDL particles (Fig 1C).
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AMP-DNM is not able to promote regression of atherosclerotic lesions 
and does not induce the formation of stable plaques
We evaluated whether treatment with the iminosugar AMP-DNM could influence 
regression of established atherosclerotic plaques. Lesion severity was assessed 
at the aortic sinus for all the animals in the study. Lesion size was measured after 
lipid staining with Oil red O. Western diet feeding for 12 weeks induced the for-
mation of severe atherosclerotic plaques. After 18 weeks, the control animals, 
as well as the treated ones, showed further development of the lesions with a 
2-fold increase in lesion size compared with the group sacrificed after 12 weeks 
on western diet (Fig 2). AMP-DNM did not promote regression neither prevent-
ed the further progression. Lesions were therefore further characterized with 

Figure 1: Plasma lipids in LDLR(-/-) mice fed 
a western diet for 12 weeks, and treated for 
6 weeks with 0, 50 or 100 mg AMP-DNM 
supplemented to western diet. 
Plasma concentration of cholesterol (A) and 
triglycerides (B) after 12 weeks of western 
diet only, 13 and 18 weeks of western diet 
with or without AMP-DNM treatment n=10 
*p<0.05;**p<0.01. 
(C) Distribution of cholesterol over the 
different lipoprotein fractions determined in 
a pooled plasma (10 mice) for each group at 
18 weeks. 
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staining of collagen, macrophages and smooth muscle cells (SMC) (Fig 3). We 
observed no significant changes in the content of all these parameters relative to 
lesion area. Short-term treatment with AMP-DNM did not promote regression 
of the plaques neither arrest their progression, and did not improve any feature 
associated with lesion stabilization. 

Figure 2:  Effect of AMP-DNM treatment on 
atherosclerosis progression in LDLR(-/-) mice 
fed a western diet for 18 weeks, receiving in 
the last 6 weeks either 0, 50 or 100 mg AMP-
DNM. 
(A) Representative photomicrographs of Oil 
Red O-stained fatty streaks in the aortic root 
of the indicated mice (original magnification 
x 5) and (B) quantitative analysis of 
atherosclerosis lesion size. 
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Figure 3: 6 weeks treatment with AMP-DNM does 
not improve plaques quality. 
( A ) R e p r e s e n t a t i v e  photomicrographs of 
lesion collagen content stained with Sirius red; 
macrophages content staining with anti-MOMA-2 
antibody (original magnification x 5) and smooth 
muscle cells (SMC) content staining with anti-α actin 
antibody (original magnification x 10). 
(B) Quantitative analysis of staining positive areas 
relative to total lesion area.
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Discussion

In a previous study we were able to show that treatment with the iminosugar 
AMP-DNM, inhibitor of glycosphingolipid synthesis, was able to prevent the for-
mation of atherosclerotic lesions in mice fed with an atherogenic diet. In the 
present study we established whether AMP-DNM is able to regress existing ath-
erosclerotic lesions.
For this purpose, we monitored   of lesion size at the aortic sinus was in LDLR(-/-) 
mice fed a western diet for 12 weeks followed by  6 weeks treatment with AMP-
DNM. The plasma data obtained at the end of the study, confirmed the strong 
effect of AMP-DNM on plasma cholesterol and triglyceride concentration previ-
ously observed [3,9]. In fact, despite the fact that AMP-DNM treated animals 
remained on western diet, they showed correction of the hyperlipidemia in-
duced by the western diet alone. The improvement of the lipoprotein profile for 
cholesterol was associated with a reduction in VLDL and LDL content. It should 
be noted that the lowering of plasma lipids followed different patterns for cho-
lesterol and triglycerides. The correction of triglyceride levels, in fact, occurred 
quickly after starting the treatment. Plasma levels after one week of AMP-DNM 
feeding were significantly lower compared to control mice (Fig 1B) and close to 
those before the western diet feeding, indicating an almost complete correc-
tion of the hyper-triglyceridemia in treated animals. The strong effect of AMP-
DNM on plasma triglycerides might be related to the correction of liver steatosis 
observed earlier in these animals (chapter VIII). After one week of AMP-DNM 
treatment, the improvement of the cholesterolemia in treated animals was not 
yet observed. Moreover, the level of cholesterol achieved after 6 weeks treat-
ment remained higher compared to control levels [3]. This delay in cholesterol 
lowering was new to us and the mechanism behind has not yet been investi-
gated. With further investigation of the plaque size and composition, we could 
not observe any modification in either the size or the composition of the plaque 
that could indicate signs of regression. This finding was somehow disappointing, 
but may not be entirely unexpected. Plasma cholesterol plays beyond any doubt 
a key role in atherosclerosis development. However, a decrease of this param-
eter is not always associated with a regression of the atherosclerotic lesions. For 
example, in APOE*3 Leiden mice, Verschuren et al did not observe a regression 
of pre-existing atherosclerotic lesions despite a 70 % decrease of plasma cho-
lesterol induced by a change of diet [14]. In ApoE(-/-) mice and LDLR(-/-) mice, 
regression or inhibition of progression of atherosclerotic lesions can be achieved 
only when restoring plasma cholesterol levels close to the wild type C57Bl/6 
value [15,16]. Cholesterol plasma levels achieved in our study are far above the 
wild type ones. When Glaros et al. orally administered myoricin, the inhibitor of 
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serine-palmitoyl transferase, to ApoE(-/-) mice, they were only able to observe 
a slight effect in slowing lesion progression at the abdominal aorta whereas no 
effect was reported at the level of the aortic sinus [17]. Unfortunately, aortas of 
the animals were not collected in this study and, changes at this level can not 
be excluded. Moreover other parameters have to be taken into account, such 
as severity of the pre-existing lesions, the mouse strains used and the serum 
cholesterol exposure. Based on these findings, it seems possible that the noted 
absence of a beneficial effect of AMP-DNM treatment on existing atherosclerosis 
in this study results from the relatively short period of treatment and the lim-
ited reduction in plasma cholesterol. In addition, in our study, the animals had 
developed quite severe lesions in the aortic sinus prior to the intervention with 
AMP-DNM treatment, making an intervention treatment even more difficult. It 
appears that short term treatment with AMP-DNM on LDLR(-/-) mice presenting 
advanced lesions and severe hyperlipidemia is not sufficient to achieve regres-
sion of severe atherosclerotic lesions, but it is enough to ameliorate the hyper-
lipidemic status of the animals.
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Abstract    

Regular physical activity decreases the risk for atherosclerosis but underlying 
mechanisms are not fully understood. We questioned whether voluntary wheel 
running provokes specific modulations in cholesterol turnover that translate into 
a decreased atherosclerotic burden in hypercholesterolemic mice. Male LDLR-
deficient mice (8 wk old) had either access to a voluntary running wheel for 12 
weeks (RUN) or remained sedentary (CONTROL). Both groups were fed a west-
ern-type/high cholesterol diet. Running activity and food intake were recorded.  
At 12 weeks of intervention, feces, bile and plasma were collected to determine 
fecal, biliary and plasma parameters of cholesterol metabolism and plasma 
cytokines. Atherosclerotic lesion size was determined in the aortic root. RUN 
weighed less (~13%) while food consumption was increased by 17% (p=0.004). 
Plasma cholesterol levels were decreased by 12% (p=0.035) and plasma levels of 
pro-atherogenic lipoproteins decreased in RUN compared to CONTROL. Running 
modulated cholesterol catabolism by enhancing cholesterol turnover: RUN dis-
played an increased biliary bile acid secretion (68%, p=0.007) and increased fecal 
bile acid (93%, p=0.009) and neutral sterol (33%, p=0.002) outputs compared to 
CONTROL indicating that reverse cholesterol transport was increased in RUN.  
Importantly, aortic lesion size was decreased by ~33% in RUN (p=0.033). Vol-
untary wheel running reduces atherosclerotic burden in hypercholesterolemic 
mice.  An increased cholesterol turnover, specifically its conversion into bile ac-
ids, may underlie the beneficial effect of voluntary exercise in mice.

Key words: Exercise, atherosclerosis, cholesterol, bile acids, lesion size 
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Introduction

Atherosclerosis is a complex vascular disease, which is characterized by major 
abnormalities in systemic factors, such as circulating lipids and lipoproteins, and 
concomitant inflammation of the vascular wall.
It has long been known that exercise is a deterrent of atherosclerosis. Numer-
ous clinical and experimental studies report on the beneficial effects of physical 
activity on atherosclerosis [1-7] and various effects of physical activity on differ-
ent processes involved in the pathogenesis and progression of atherosclerosis 
have been reported.  For example, it has been shown that physical activity im-
proves the antioxidant system4, plaque composition as well as plaque stability 
[3, 6] and favorably modulates the inflammatory response [1]. However, despite 
these recent efforts it remains unclear how exactly physical activity decreases 
the atherosclerotic process.  We hypothesize that the enterohepatic system, 
which plays a critical role in several aspects of cholesterol metabolism, may be 
of great relevance herein. 
Increasing cholesterol excretion into feces as neutral sterols or bile acids repre-
sents an efficient strategy in the amelioration of atherosclerosis, as it improves 
the pro-atherogenic state by modulating lipid content in plasma [8, 9]. The liver 
secretes free cholesterol into bile, which is released into the intestine upon in-
gestion of a meal.  In the small intestine, biliary cholesterol mixes with dietary 
cholesterol and is partially reabsorbed. The remainder is lost in the feces within 
the neutral sterol fraction.  Bile acids are synthesized from cholesterol exclu-
sively in the liver and enter the intestinal lumen after a meal. Bile acids are im-
portant for the emulsification and absorption of dietary fats in the intestine [10].  
About 95% of the bile acids are reabsorbed from the terminal ileum, transported 
back to the liver for re-secretion into bile (enterohepatic circulation). The frac-
tion of bile acids that escapes reabsorption is lost in feces and constitutes an 
important part of cholesterol turnover, since fecal bile acid loss is compensated 
for by de novo synthesis from cholesterol to maintain the bile acid pool size [11].  
Under steady state conditions, fecal bile acid loss equals hepatic de novo bile 
acid synthesis.
We have recently shown that exposing healthy chow-fed mice to a voluntary 
running wheel for two weeks enhanced fecal neutral sterol and bile acid excre-
tion with specific changes in biliary, plasma and intestinal parameters contribut-
ing to an increased cholesterol turnover upon running [12]. To our knowledge, 
no previous studies have examined the effects of exercise on cholesterol and bile 
acid metabolism in a hypercholesterolemic mouse model. Thus, the purpose of 
this study was to investigate whether the recently observed effects of voluntary 
running wheel exercise on whole body cholesterol turnover in healthy chow-fed 
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mice [12] extend to the hypercholesterolemic LDLR-deficient mouse model.  We 
hypothesized that voluntary wheel running beneficially modulates cholesterol 
and bile acid metabolism in hypercholesterolemic mice and thereby mediates a 
reduction in atherosclerotic burden.
 
Material And Methods

All experiments were approved by the Animal Care and Use Committee of the 
University of Groningen, The Netherlands. The University of Groningen is ac-
credited by AAALAC (Association for Assessment and Accreditation of Laborato-
ry Animal Care) International and follows the Public Health Service Policy for the 
Care and Use of Laboratory Animals. Animal care was provided in accordance 
with the procedures outlined in the Guide for the Care and Use of Laboratory 
Animals.

Animals and voluntary cage-wheel exercise 
Sixteen 5-week-old male LDLR deficient (B6.129S7-LDLRtm1Her/J) mice were 
purchased from Jackson Laboratories (The Jackson Laboratory, Bar Harbor, ME, 
USA). Upon arrival, mice were singly housed in a cage (47 x 26 x 14.5 cm) in 
a temperature-controlled room with a 12:12h light-dark cycle and had access 
to standard commercial pelleted laboratory chow (RMH-B, ABDiets, Woerden, 
The Netherlands). At 8 weeks of age, mice were switched to a western-type 
diet (0.25% cholesterol, 16% fat, Purified Western Diet, 4021.06, ABDiets, Wo-
erden, The Netherlands) and were randomly selected to either voluntary cage 
wheel running (RUN, n=9) or to remain sedentary (CONTROL, n=7) for 12 weeks. 
Throughout the study, mice had ad libitum access to food and water. The vol-
untary running wheel set-up has been described previously [12]. Twice a week, 
mice were weighed and food intake was recorded. Two mice in the running 
group were excluded from all analyses because they showed no activity on the 
running wheel.

Experimental procedures
Fecal, plasma, biliary, hepatic and intestinal parameters were collected at the 
endpoint of the experiment after 12 weeks of RUN or CONTROL, i.e., at 20 weeks 
of age.

Fecal Parameters 
Forty-eight hour feces were collected before and at 12 weeks running wheel 
exposure. Feces were dried, weighed and homogenized to a powder. Aliquots of 
fecal powder were used for analysis of total bile acids by an enzymatic fluorimet-
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ric assay [13]. Neutral sterols and bile acid profiles were determined according 
to Arca et al. [13]and Setchell et al.[14], respectively.[15] 

Determination of biliary parameters of cholesterol and bile acid 
metabolism
After 12 weeks of CONTROL or RUN, all mice underwent gallbladder cannula-
tion for continuous collection of bile [16]. Briefly, mice were anaesthetized by 
intraperitoneal injection with Hypnorm ® (1 ml∙kg-1) and diazepam (10mg∙kg-1). 
During the 30min bile collection period, mice were placed in a humidified incu-
bator to ensure maintenance of body temperature. Bile flow was determined 
gravimetrically, assuming a density of 1g∙ml-1 for bile. Bile was stored at -20°C 
until analysis. Total biliary bile acids were determined by an enzymatic fluori-
metric assay [17]. Biliary cholesterol and phospholipids levels were measured as 
described by Kuipers et al [18]. 

Determination of plasma markers of cholesterol metabolism 
Immediately after bile collection, blood was drawn via the orbital sinus. Plasma 
was collected by centrifugation and stored at -20°C until analyzed. Plasma total 
cholesterol, free cholesterol and triglyceride levels were measured by standard 
enzymatic methods using commercially available assay kits (Roche Diagnos-
tics, Mannheim, Germany and DiaSys Diagnostic Systems, Holzheim, Germany). 
Plasma pro-and anti-inflammatory makers were analyzed using BD™ Cytomet-
ric Bead Array (CBA) Mouse Inflammation Kit (BD Biosciences, San Diego, CA). 
Utilizing gaschromatography, as described by Windler et al. [19], we analyzed 
plasma plant sterols (campesterol and sitosterol) relative to plasma cholesterol 
levels as marker of intestinal cholesterol absorption in pooled plasma samples of 
each group. Pooled plasma samples from each group were used for lipoprotein 
separation by fast protein liquid chromatography (FPLC) on a Superose 6 column 
using an Akta Purifier (GE Healthcare, Diegem, Belgium).

Tissue Collection
Mice were opened immediately after blood collection. the heart was slowly per-
fused with PBS at physiological pressure. Then, the liver was excised, weighed 
and snap frozen in liquid nitrogen. The small intestine was excised, flushed with 
ice cold PBS (4°C) and divided into three sections of equal lengths and subse-
quently snap-frozen in liquid nitrogen. Lastly, the thoracic aorta was excised and 
epididymidal fat pads were removed and weighed. Thoracic aorta, liver and in-
testine were stored at -80ºC for later analysis. Hearts were flushed with PBS to 
remove the excess of blood before fixation in formaldehyde 1% (Formal-Fixx, 
Thermo Electron Corporation, Pittsburgh, Pa.) for 24 hours, cut in an angle even-
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tually revealing the aortic sinus and stored at –80°C embedded in OCT (Tissue-
Tek O.C.T., Sakura, Zoeterwoude, the Netherlands). 

Determination of atherosclerotic lesion size and aortic cholesterol 
content
Frozen sections from the aortic sinus were prepared according to Paigen et al 
[20]. Surface lesion area was measured after Oil Red O staining by computer-
assisted image quantification with Leica QWin software (Leica Microsystems, 
Wetzlar, Germany). Images were captured with a Leica DFC 420 video camera.. 
At least 5 sections per mouse were examined for each staining. Due to technical 
difficulties, we were able to analyze atherosclerotic lesion size in 4 of 7 running 
mice and 4 of 7 sedentary mice. Aortic cholesterol content was utilized as an 
alternative method to assess atherosclerotic lesion burden  [21, 22] in all mice 
(n=7/group) and measured following the same procedure as for hepatic choles-
terol. Percent smooth muscles cells  in lesions were determined using anti-alpha 
smooth muscle actin antibody (1A4, Abcam) as primary antibody (diluted 1:100 
in TBS-1% BSA-0.01% Tween-20) and goat anti-mouse IgG 2α-HRP (Southern-
Biotech, Birmingham, USA)  and Sirius red was used to stain collagen fibers in 
lesions. 

Determination of hepatic lipids 
Hepatic lipids were determined after extraction according to Bligh and Dyer [23] 
and redisolving in Triton-2% H2O using the same kits as for plasma lipids. 

RNA isolation and PCR procedures
Total RNA was isolated from liver and intestine using TRI-reagent (Sigma, St. 
Louis, MO) according to the manufacturers’ protocol. cDNA was produced as 
described by Plösch et.al.[16]. Real-time PCR was performed on a 7900HT FAST 
real-time PCR system using FAST PCR master mix and MicroAmp FAST optical 
96 well reaction plates (Applied Biosystems Europe, Nieuwekerk ad IJssel, The 
Netherlands). Primer and probe sequences have been published before 
(www.labpediatricsrug.nl). PCR results were normalized to β-actin. 

Statistics 
Statistical analysis was performed using the Mann-Whitney-U test (SPSS 12.0.1 
for Windows). The Wilcoxon-signed-rank test was used to analyze differences in 
running wheel activity between the beginning and end of the intervention. All 
data are expressed as means ± SD. P-values of <0.05 were considered statistically 
significant.
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Results

Running wheel activity and morphometric parameters  
Mice exposed to a voluntary running wheel progressively ran less during the 12 
week running wheel intervention. While a daily average running distance of ~10 
km and average running duration of ~6.5 hours was observed at the start of the 
experiment, it dropped to ~5.5 km/day and ~4.0 hours at the end of the experi-
ment (Supplemental Figure 1).  Despite a 17% increase in food intake compared 
to control mice, running mice displayed a ~13% lower bodyweight and ~73% 
lower epididymidal white adipose tissue weight at 12 weeks of running (Table 
1). Liver weight, body weight / liver weight ratio and small intestinal length were 
not different between running and control mice (Table 1). 

Table 1: Biometrical Data
Values represent mean ±  SD at 12 weeks of running in CONTROL (n=7) and RUN (n=7); *P<0.05 vs. CONTROL
    

CONTROL RUN

Body weight (g) 29.6 ± 2.3 25.9 ± 1.0*

Liver weight (g) 1.35 ± 0.14 1.23 ± 0.05

Liver weight / body weight (%) 4.6 ± 0.7 4.7 ± 0.2

Small intestine length (cm) 33.3 ± 1.8 31.5 ± 1.8

Epididymidal white adipose weight (g) 0.85 ± 0.25 0.23 ± 0.13*

Food Intake (g/day) 3.4 ± 0.4 4.0 ± 0.1*

Effect of voluntary wheel running on atherosclerotic lesion size and 
inflammatory markers  
First, we investigated whether 12 weeks of voluntary wheel running beneficially 
affected lesion size area in atherosclerosis-prone LDLR-deficient mice. Indeed, 
quantification of atherosclerotic lesions in the aortic sinus showed a significant 
reduction in running mice (Figure 1A-C). In addition, also aortic cholesterol con-
tent as an alternative approach to quantify aortic atherosclerosis was decreased 
by 33% in running mice compared to CONTROL (Figure 1D). Because inflamma-
tion plays an important role in the pathogenesis of atherosclerosis, we also as-
sessed the effect of running on plasma levels of inflammatory markers.  Interest-
ingly, voluntary wheel running had no effect on plasma levels of inflammatory 
markers at 12 weeks of running (Supplemental Figure 2).  
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Voluntary wheel running beneficially affects plasma lipoprotein profile 
Elevated lipid levels are key factors in the development of atherosclerosis. Run-
ning mice displayed a small but significant reduction in plasma levels of total 
cholesterol, esterified cholesterol and triglycerides (Table 2).  Importantly, we 
found improved plasma lipoprotein profiles with reduced levels of VLDL- and 
LDL-sized lipoproteins in running compared to control mice (Supplemental Fig-
ure 3A and B). Paralleling these running-induced improvements in lipoprotein 
profiles, we not only found a reduction in hepatic expression of microsomal tri-
glyceride transfer protein, indicative of a decreased hepatic production of VLDL, 
but also observed an increased hepatic lipoprotein lipase expression (Table 3), 
indicative of an increased lipoprotein clearance.  More beneficial effects of run-
ning were observed on hepatic lipid storage. First, control mice displayed sub-
stantial hepatic triglyceride stores, which were reduced by almost half in running 
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Figure 1. Voluntary wheel running reduces atherosclerotic lesions size development. 
Representative morphological section of aortic arch stained with Oil Red Oil of CONTROL (A) and RUN (B); (C) 
Quantification of lesion size in aortic sinus of Control (n=4) and RUN (n=4) at 12 weeks of running. *p<0.05 
vs. CONTROL
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mice (Table 2).  Second, running resulted in a significantly lower hepatic storage 
of cholesterol, paralleled by a running-induced decrease in Hmgcr, the rate-lim-
iting enzyme in cholesterol biosynthesis. Hepatic contents of cholesterol esters 
tended to be reduced in running mice with a lower expression of Acat2, an en-
zyme required for cholesterol esterification (Table 3).  Moreover, the beneficial 
changes in hepatic lipid content were paralleled by decreased expression levels 
of key lipogenic genes Fasn and Scd1 (Table 3).  Collectively, these data show that 
running provokes favorable changes in plasma and liver lipid metabolism.

Voluntary wheel running increased fecal sterol output 
Next, we assessed whether the running-induced beneficial changes in plasma 
and liver lipid metabolism were accompanied by changes in cholesterol and bile 
acid metabolism. First, we assessed fecal parameters of cholesterol and bile acid 
metabolism and feces were collected quantitatively from all mice during the last 
48 hours of the experiment.  Hypercholesterolemic running mice had signifi-
cantly increased feces production (+19%, data not shown) as well as fecal neu-
tral sterol (+33%) and fecal bile acid output rates (+93%) compared to sedentary 
controls (Table 4). No major differences in fecal bile acid composition (Supple-
mental Table 1) and any of these parameters were observed before the running 
wheel intervention (data not shown).  Next, we investigated whether voluntary 
wheel running increased fecal neutral sterol output by modulating cholesterol 
absorption.  Running had no effect on the plasma plant sterol/cholesterol ratio 
(Supplemental Figure 4A), a marker of cholesterol absorption. No effect of vol-
untary wheel running was found on jejunal Npc1l1 mRNA expression (Supple-

Table 2: Plasma and liver lipids. Values represent mean ± SD at 12 weeks of running in CONTROL (n = 7) and 
RUN (n = 7). *p < 0.05 vs. CONTROL.

CONTROL   RUN

 Plasma lipids (mmol/ L)

 Total cholesterol 27.7 ± 1.5 23.6 ± 2.5*

 Free cholesterol 8.80 ± 1.4 7.65 ± 0.7

 Cholesterol esters 18.9 ± 0.9 15.9 ± 1.8*

 Triglycerides 8.52 ± 1.54 6.59 ± 0.8*

Liver lipids (nmol/ mg liver)

Triglycerides 78 ± 2 41 ± 10*

Total cholesterol 16.3 ± 2.0 13.1 ± 1.3*

Free cholesterol 5.5 ± 0.9 4.7 ± 0.3

Cholesterol esters 10.9 ± 1.7 8.4 ± 1.1

Phospholipids 26.7 ± 2.9 23.8 ± 4.5



94

mental Figure 4B), while, intriguingly, the expression of the ATP-cassette binding 
transporters g5 and g8 (Supplemental Figure 4C and D), which are known to 
promote efflux of cholesterol and plant sterols from the enterocyte back into the 
intestinal lumen for elimination into feces, was increased. 

Table 3: Hepatic Genes Involved in Lipid Metabolism
Hepatic mRNA expression levels of lipoprotein lipase (Lpl), microsomal triglyceride transfer protein (Mttp),  
3-hydroxy-3-methyl-glutaryl-CoA reductase (Hmgcr), acetyltransferase 2 (Acat2), ATP-binding cassette 
transporter 1 (Abca1),  ATP-binding cassette transporter g5 (Abcg5), ATP-binding cassette transporter 8 
(Abcg8), fatty acid synthase (Fasn), stearoyl-CoA desaturase-1 (Scd1) , Values are  relative to ß-actin and 
represent mean ±  SD in Control (n=7) and RUN

 CONTROL   RUN p-value

Cholesterol Metabolism

Clearance

Lpl 1.0 ± 0.2 1.6 ± 0.1* 0.006

Production

Mttp 1.0 ± 0.3 0.7 ± 0.2* 0.029

Hmgcr 1.0 ± 0.3 0.6 ± 0.1* 0.020

Acat2 1.0 ± 0.2 0.7 ± 0.1* 0.024

Efflux	

Abca1 1.0 ± 0.3 1.1 ± 0.3 0.061

Abcg5 1.0 ± 0.2 0.9 ± 0.2 0.426

Abcg8 1.0 ± 0.1 1.0 ± 0.1 0.420

Fat Metabolism

Fasn 1.0 ±  0.2 0.7 ±  0.1* 0.048

Scd1 1.0 ±  0.3 0.6 ±  0.1* 0.029

Table 4. Fecal and biliary parameters
Values represent mean ± SD at 12 weeks of running for CONTROL (n=7) and RUN (n=7); *p<0.05 vs. Control

CONTROL RUN

Fecal outputs (μmol/24h/100gBW)

Neutral sterols 48 ±  6 64 ±  4*

Bile acids 5.3 ±  1.6 10.2 ±  3.1*

Biliary secretions (μmol/24h/100gBW)

Cholesterol 0.9 ±  0.4 1.6 ±  0.8

Bile acids 249 ±  49 417 ±  134*

Phospholipids 25.4 ±  2.9 29.4 ±  12.6

Bile flow (μl/min/100gBW) 4.3 ± 0,7 5.2 ± 0.7*
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Voluntary wheel running increases bile flow and biliary bile acid 
secretion 
To evaluate whether physical activity modulates biliary parameters under hyper-
cholesterolemia, mice were subjected to gallbladder canulations for collection of 
hepatic bile at 12 weeks of running. Indeed, running mice had a 24% increased 
bile flow (P=0.011), a 67.5% increase in biliary bile acid secretion and a trend 
towards increased biliary cholesterol secretion (P=0.179), while no differences 
in the rate of biliary phospholipid secretion was found (Table 4). Compared to 
sedentary mice, running mice displayed an increase biliary secretion of cholate-
derived bile acids and tended to decrease in chenodeoxycholate-derived bile 
acids (Supplemental Table 1).  Moreover, no differences in the expression levels 
of important genes involved in cholesterol efflux from the hepatocyte towards 
the plasma (Table 3) were observed. Our data suggest that voluntary wheel run-
ning increases cholesterol turnover to promote its fecal excretion as cholesterol 
and bile acids, indicating increased cholesterol excretion out of the body in the 
absence of changes in endogenous cholesterol synthesis.

Discussion

In the present study, we tested the hypothesis that voluntary wheel running 
ameliorates atherosclerosis possibly by modulating cholesterol metabolism.  
By using hypercholesterolemic LDLR-deficient mice on a western-type diet, we 
were able to show for the first time that voluntary wheel running provokes spe-
cific changes in cholesterol metabolism, particularly by promoting its conversion 
into bile acids likely contributing to reduced plasma lipid levels, and that these 
alterations coincide with a reduction in atherosclerosis.  
First, we show running-induced increases in fecal neutral sterol and bile acid 
excretion.  The fecal bile acid loss in running mice is massive and reflective of 
an increased de novo bile acid synthesis.  Second, we found that the increased 
fecal bile acid loss was paralleled by specific changes in biliary parameters con-
sistent with an increased cholesterol turnover. Specifically, running mice had a 
higher bile flow, an increased biliary bile acid secretion and a trend towards an 
increased biliary cholesterol secretion.  Third, hepatic cholesterol content was 
reduced in running mice, indicating cholesterol turnover over storage.
To the best of our knowledge, this is the first study linking the effects of vol-
untary exercise on sterol metabolism with atherosclerotic lesion development. 
While we show here a 33% reduction in atherosclerotic lesion size upon volun-
tary wheel running, previous studies in LDLR-deficient mice undergoing forced 
exercise, like treadmill running or swimming, reported a reduction by ~40% [4, 
24].  Additionally, reductions of atherosclerotic lesion size of ~54% to ~30% have 
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been observed in another hypercholesterolemic mouse model, the ApoE-defi-
cient mouse, when forced to swim for different durations [5, 7, 25].  Moreover, 
using a different atherosclerotic mouse model and a different study design to fo-
cus on atherosclerosis regression even a reduction in pro-inflammatory markers 
was reported [1], however, no literature is available describing the effects of ex-
ercise (forced or voluntary) on plasma pro-inflammatory markers in atheroscle-
rosis development in mice.  We show here that voluntary wheel running reduced 
atherosclerosis with no concomitant improvements in inflammatory markers. 
However, due to the study design we were not able to measure inflammatory 
markers at earlier time points. Further, in contrast to another study exposing 
ApoE-deficient mice to a long-time swim training [26] no differences in param-
eters of plaque stability were observed in our study at 12 weeks of voluntary 
running (percentage of collagen content in lesions was 21.4 ± 8.2% for CONTROL 
and 24.2 ± 8.8%  for RUN; percentage of smooth muscle cells content in lesions 
was  21.8 ± 9.2% for CONTROL and 26. 3 ± 4.1% for RUN (mean ± SD)). Differ-
ences in the respective study design (duration of the exercise intervention) and 
exercise protocols (voluntary vs. forced) likely account for these discrepancies. 
The mechanisms behind the beneficial effects of exercise on atherosclerosis are 
not yet understood. Being a major physiological process for the body to clear 
excess cholesterol, the fecal excretion of cholesterol as neutral sterol or bile acid 
plays a critical role in the maintenance of whole-body cholesterol homeostasis. 
Increasing cholesterol excretion into feces as neutral sterol or bile acid is long 
known as an efficient strategy in the amelioration of atherosclerosis, as it im-
proves the pro-atherogenic state by reducing lipid content in plasma [8, 9]. Fur-
thermore, it has been demonstrated that patients with coronary artery disease 
have a reduced fecal excretion of bile acids [27].  Strikingly, studies describing 
the effects of physical activity on the enterohepatic metabolism of sterols in hy-
percholesterolemic mice and men are thus far lacking. However, the fecal bile 
acid loss upon running observed in our study parallels earlier work in healthy 
humans. One initial study [28], not specifically designed to elucidate the effects 
of exercise on sterol metabolism did not find an effect of exercise on fecal sterol 
excretion. But subsequent studies specifically designed to investigate the impact 
of exercise on fecal sterol excretion in humans indicated that exercise increased 
feces production and fecal sterol output [29, 30] , consistent with the mouse 
data of our present study. 
Our observations of running-induced increases in fecal neutral sterol and bile 
acid outputs also confirm our earlier results in chow-fed mice running for 2 
weeks [12]. It is, however, noteworthy that the effects are more striking in hy-
percholesterolemic mice running for 12 weeks.  For example, while we found 
a ~30% increase in both fecal neutral sterol and bile acid outputs in chow-fed 
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mice upon 2 weeks running, we report here a similar increase in fecal neutral 
sterol loss in 12 week running hypercholesterolemic mice (~33%) yet because 
the diet already contained 0.25% the amount of extra cholesterol excreted by 
running is massive. In addition there was a strong increase in fecal bile acid se-
cretion (~93%) compared to 30% in control mice. This increase in fecal bile acid 
excretion in running mice is remarkable and reflects an increase in de novo bile 
acid synthesis.  Intriguingly, we observed a negative correlation between ath-
erosclerotic lesion size and fecal neutral sterol output (r = -0.602; P = 0.024) and 
a strong negative correlation between atherosclerotic lesion size and fecal bile 
acid output (r = -0.88; P =0.007), indicating that there is a crosstalk between the 
reduction in atherosclerosis and the increase in cholesterol turnover.  
Consistent with our previous study [12] in chow-fed mice, we did not observe 
changes in any of the major genes involved in bile acid synthesis in running mice 
(data not shown). Thus, within this and our previous study, the increase in bile 
acid synthesis upon voluntary wheel running as demonstrated by fecal bile acid 
loss did not result in an upregulation of key genes involved in bile acid synthe-
sis, such as Cyp7a1 and Cyp8b1 indicating that regulation via the nuclear recep-
tor FXR and its downstream target FGF15 is not operational here.  Increases in 
de novo bile acid synthesis without concomitant increases in any of the major 
bile acid genes have also been reported by others [31, 32] and are most likely 
induced by posttranscriptional mechanisms.  It is speculative, therefore, that 
physical activity enhances bile acid synthesis by metabolic mechanisms. For ex-
ample, physical activity increased dietary fatty acid absorption (data not shown).  
During physical activity, energy is depleted in energy expending tissues, such as 
skeletal muscle. Thus, a high demand to recover this expended energy manifests 
in these tissues.  In this regard, physical activity might, hypothetically, increase 
bile acid synthesis to increase the capacity for micelle formation, thereby fatty 
acid absorption and thus energy delivery to energy expending tissues.  
Paralleling our observations of fecal bile acid excretion, running appears to in-
duce more drastic effects on biliary parameters in hypercholesterolemic mice 
than in chow-fed healthy mice.  Compared to control mice, the increase in biliary 
bile acid secretion was ~20% in healthy chow-fed mice running for 2 weeks [12]. 
Furthermore, we report here an increase in bile flow, which was not observed in 
running chow-fed mice, but has been previously reported in exercising rats [33]. 
Next, it is intriguing that the livers of running mice display ~20% less cholesterol 
stores and ~45% less triglyceride stores than control mice do. Control LDLR-de-
ficient mice on a western-type diet display hepatic triglyceride and cholesterol 
contents more than 2.5 times that of chow-fed wild-type mice [12].  Yet, despite 
their increased food intake, running mice had significantly reduced hepatic cho-
lesterol and triglyceride stores demonstrating an enhanced turnover rather than 
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their storage.  No data are available describing the effects of exercise, either 
forced or voluntary, on hepatic lipids in hypercholesterolemic mouse models.  
Yet, limited data show that high fat and low fat-fed wild-type mice displayed re-
duced hepatic triglycerides levels after treadmill exercise training [34] and that 
swim training reduced hepatic fatty acid synthesis in C57BL/6J mice [35].  More-
over, we previously found reduced hepatic triglyceride content and a trend to-
wards reduced hepatic cholesterol content in chow-fed mice running for 2 weeks 
[12]. Collectively these observations demonstrate favorable effects of physical 
activity on hepatic lipid storage.
We have previously reported indications for impaired cholesterol absorption in 
chow-fed C57BL/6J mice exposed to a voluntary running wheel as the jejunal 
expression levels of a crucial protein in cholesterol absorption, Npc1l1,  and the 
plasma plant sterol / cholesterol ratio were decreased in running mice [12].  In 
contrast, we did not observe an effect on jejunal Npc1l1 expression nor on the 
plasma plant sterol / cholesterol ratio here.  In contrast, we show a running-
induced increased expression of jejunal Abcg5/8 the heterodimer cholesterol 
efflux transporter implicated in the excretion of cholesterol from the intestine 
[36]. Thus, running appears to differentially affect parameters of cholesterol 
absorption under low dietary cholesterol, normo-cholesterolemic versus high 
dietary cholesterol, hypercholesterolemic conditions.  It is also possible that the 
previously observed running-induced decreases in expression of Npc1l1 upon 2 
weeks of running might underlie transient adaptations in the intestine, which 
could be modulated further during longer periods of running. 
Noteworthy is that we also found improvements in plasma cholesterol levels 
and plasma lipoprotein profile and thereby reduced atherosclerotic lesion for-
mation in running mice. Similar small improvements in plasma cholesterol levels 
have previously been reported in swimming [4] and treadmill-running [24] LDLR-
deficient mice and may underlie at least part of the anti-atherosclerotic effect.
Intriguing is the running-induced improvements in plasma lipoprotein profiles, 
showing a marked reduction in the apoB-containing lipoprotein particles VLDL 
and IDL/LDL. Decreased LDL and VLDL levels have been reported for physically 
active men [37], however, no such descriptions are available in hypercholester-
olemic mice.  Furthermore, the improved plasma lipoprotein profiles parallel the 
running-induced increase in hepatic lipoprotein lipase expression levels and the 
running-induced decrease in hepatic microsomal transfer protein, suggesting an 
increased lipoprotein clearance and decreased production, respectively. How-
ever, what exactly the role of running in lipoprotein clearance and reduced pro-
duction is and how this relates to the human situation remains to be explored 
in future studies.  
An interesting observation of this study was the progressive drop in running 
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wheel activity during the experimental period which does not occur in wild-type 
mice at 20 weeks of age [38]. However, a progressive drop in running wheel 
activity during the last 4 weeks of an 8 week intervention has previously also 
been observed in ApoE-deficient mice that started running at 20 weeks of age 
[1] but has not been published thus far in the model used in the current study, 
the LDLR-deficient mouse. 
Altogether, the present study shows that voluntary wheel running is a feasible 
means to decrease atherosclerotic burden in hypercholesterolemic mice and 
that an enhanced turnover of cholesterol into bile acids might be the underlying 
mechanism herein.
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Supplemental Informations

Supplemental Figures And Tables

Supplemental Table1. Biliary and fecal bile acid composition. 
Values are represented as means ± SD at 12 weeks of running for CONTROL (n=7) and RUN (n=7); HDCA = 
hyodeoxycholic acid; CDCA = chenodeoxycholate; UDCA = ursodeoxycholic acid. Samples were analyzed by 
gas-liquid chromatography as described by Setchell et al [14] ;*p<0.05 vs. CONTROL             

     
CONTROL RUN

A. Fecal bile acid composition (nmol/g feces)

Cholate 0.47 ± 0.22 0.79 ± 0.17

Deoxycholate 1.40 ± 0.28 0.89 ± 0.28

Chenodeoxycholate 0.13 ± 0.02 0.09 ± 0.05

ß-muricholic acid 0.74 ± 0.10 1.12 ± 0.09*

ω-muri cholic 2.97 ± 0.98 2.90 ± 0.03

α-muri cholic 0.68 ± 0.26 0.70 ± 0.09

allo-cholic acid 0.41 ±  0.05 0.55 ±  0.06*

HDCA 0.12 ± 0.03 0.11 ± 0.02

Total	bile	acids 6.92	±	1.57 7.15	±	1.08

Total cholate-derived bile acids 2.28 ± 0.45 2.23 ± 0.33

Total CDCA-derived bile acids 4.64± 1.32 4.92 ± 0.78

B. Biliary bile acid composition (nmol/µl bile)

Cholate 8.15 ± 2.71 13.35 ± 4.08*

Deoxycholate 0.44 ± 0.18 0.95 ± 0.57

Chenodeoxycholate 0.46 ± 0.21 0.62 ± 0.13

ß-muricholic acid 12.21 ± 3.49 14.92 ± 6.32

ω-muri cholic 3.32 ± 0.85 2.34 ± 0.51

α-muri cholic 1.27 ±0.31 1.66 ± 0.30

allo-cholic acid 0.62 ± 0.20 0.68 ± 0.18*

HDCA 0.49 ± 0.64 2.13 ± 2.64

UDCA 0.76 ± 0.49 1.07 ± 0.67

Total	bile	acids 27.72	±	6.63 37.72	±	7.23*

Total cholate-derived bile acids 9.21 ±  2.71 14.98 ± 4.53*

Total CDCA-derived bile acids 18.51 ± 4.06 22.74 ± 4.99
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Supplemental Figure 2. Voluntary wheel running has no effects on pro- and anti-inflammatory cytokines. 
Plasma cytokines in CONTROL(n=7) and RUN (n=7). Pro-inflammatory cytokines: Tumor necrosis factor alpha 
(TNFa ), interferon gamma (IFNy), monocyte chemotactic protein 1 (MCP1), interleukin 6 (IL-6) and anti-
inflammatory cytokine interleukin 10 (IL-10). Data represent means ± SD

Supplemental Figure 1. 
Voluntary running wheel 
activity during the 12 week 
running wheel expsoure. 
A. Average distance ran 
per day (km/h) and B: 
Average time ran per day 
(h/day) in RUN (n=7). Data 
was statisically analyszed 
comparing 2 and 12 weeks 
utilizing the Wilcoxon-test. 
Data are expressed as means 
± SD, *p<0.05 2 weeks vs. 12 
weeks
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Supplemental Figure 3. Voluntary wheel running improves the lipoprotein profile.
Plasma lipoprotein profiles showing distribution of cholesterol (A) and triglycerides (B) in pooled plasma 
of CONTROL (n=7) and RUN (n=8). Lipoproteins in plasma pools were separated by fast protein liquid 
chromatography (FPLC) on a Superose 6 column

Supplemental Figure 4. Parameters of cholesterol absorption after 12 weeks of running. 
A. Plasma total plant sterol / plasma cholesterol ratio in CONTROL (n=5) and RUN (n=5); Jejunal mRNA 
expression levels of: B. Niemann-Pick C1 Like 1, Npc1l1; C. ATP-binding cassette transporter g5, Abcg5; and D. 
ATP-binding cassette transporter g8, Abcg8 in CONTROL (n=7) and RUN (n=7). *p<0.05 vs.  CONTROL
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Abstract

In man, lipid-laden macrophages over-produce and secrete a chitinase named 
chitotriosidase. Plasma chitotriosidase levels are about thousand fold elevated 
in patients with Gaucher disease showing massive amounts of characteristic 
lipid-laden macrophages in several organs. Increased expression of chitotriosi-
dase in macrophages in atherosclerotic plaques has been observed, however 
this only results in a modest increase in plasma enzyme levels. The value of chi-
totriosidase as marker for atherosclerosis was studied in three mouse models: 
APOE3*Leiden, LDLR (-/-) and APOE (-/-) mice. In situ hybridization of the aortic 
sinus revealed expression of chitotriosidase in lesion macrophages in all mod-
els. Determination of plasma chitotriosidase revealed that enzyme activity was 
higher in all models than in wild type mice. In APOE3*Leiden mice, plasma lev-
els correlated with lesion size at the aortic sinus. In the two other models no 
strict correlation was detected. The latter may be caused by the presence of 
lipid-laden macrophages in other sites of the vasculature and the presence in 
mouse plasma of another chitinase, acidic mammalian chitinase. In conclusion, 
chitotriosidase is expressed in lesion macrophages in three mouse models for 
atherosclerosis. Plasma chitinase levels are no reliable surrogate measure for 
the extent of atherosclerosis at the aortic sinus in all models. 

Keywords: chitinase, chitotriosidase, atherosclerosis, foam cells, macrophages
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Introduction

Chitinases are glycohydrolases degrading chitin, a linear polymer of beta-1,4 N-
acetyl-glucosamine moieties that are structural components of cell walls and 
coatings of a variety of non-mammalian organisms [1]. In mammals no endog-
enous chitin is thought to exist and until two decades ago it was general pre-
sumed that mammals do not produce endogenous chitinases. This view com-
pletely changed after the discovery of a markedly elevated enzyme activity in 
plasma samples of patients with Gaucher disease [2, 3]. The corresponding en-
zyme was named chitotriosidase after the substrate 4-methylumbelliferyl sub-
strate used in the enzymatic assay. Subsequent research revealed that mam-
mals have an extended chitinase protein family, (GH family 18), consisting of two 
active enzymes, chitotriosidase and the acidic mammalian chitinase (AMCase) 
and various so-called neolectins with a crucial amino acid substitution in the 
catalytic pocket abolishing hydrolytic activity and favoring binding of chitinous 
substrates [4-11]. The role of chitinases is likely laid in defense against chitin-
containing pathogens and food processing [2, 12]. More recent studies suggest 
that members of the chitinase protein family also play part in inflammation and 
tissue injury responses, and pathologies like asthma [13, 14]. Of interest, investi-
gations on chitotriosidase in relation to Gaucher disease have revealed that the 
enzyme is massively overproduced and secreted by tissue macrophages follow-
ing accumulation of glucosylceramide and other lipids as a consequence of the 
deficiency in the lysosomal enzyme glucocerebrosidase [15, 16]. The circulat-
ing chitotriosidase in plasma of Gaucher patients can act as a surrogate marker 
for the body burden of lipid-laden macrophages (so-called Gaucher cells) [17, 
18]. Further investigations have shown that plasma chitotriosidase levels are el-
evated in a variety of conditions in which macrophages are implicated, including 
several inherited lysosomal storage disorders, infectious diseases like visceral 
Leishmaniasis, fungal infections and leprosy, arthritis, sarcoidosis, pulmonary 
diseases like chronic obstructive pulmonary
disease (COPD), nonalcoholic steatohepatitis , and neurodegenerative diseases 
like multiple sclerosis, Alzheimer disease and ischemic cerebrovascular demen-
tia [2, 3, 19-28]. 
The marked expression of chitotriosidase in macrophages prompted an inves-
tigation on the enzyme in atherosclerosis, a condition where infiltrating mono-
cytes in the arterial vasculature transform to lipid-laden macrophages. A study 
by Boot and co-workers revealed that chitotriosidase is indeed produced by mac-
rophages in atherosclerotic lesions [29]. In this study only a modestly increased 
plasma chitinase activity was detected in individuals with atherosclerosis [29]. 
Subsequent investigations have addressed the value of elevated plasma chitot-
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riosidase as a marker for atherosclerosis and cardiovascular disease. Artieda and 
colleagues reported that plasma chitotriosidase activity is increased in patients 
with coronary artery disease (CAD) and that enzyme levels can predict the risk 
of new adverse cardiovascular events [30]. Canudas and co-workers did not de-
tect a correlation between plasma chitotriosidase activity and cholesterol levels 
before and after treatment with statins [31]. Karadag et al. reported for 200 
subjects undergoing coronary angiography that their serum chitotriosidase was 
significantly higher than in normal control subjects and significantly associated 
with the extent of CAD as defined by the number of stenosed vessels [32]. These 
discrepant findings illustrate the present lack of clarity about the value of plasma 
chitotriosidase as marker for atherosclerosis. 
Translating plasma chitinase activity levels to the body’s content of lipid-laden 
macrophages is not very straight-forward. There are several complicating fac-
tors in this respect. Firstly, abnormalities in the chitotriosidase gene (CHIT1) oc-
cur in high frequencies. For example a 24 bp duplication, for which almost 1 in 
6 individuals are carriers in most ethnic groups, prohibits formation of active 
enzyme, implying that about one third of individuals being carrier for this muta-
tion show half maximal enzyme levels [33]. Given the known gene-dose effect, 
knowledge of the chitotriosidase genotype is essential to interpret findings on 
enzyme activity [2, 34]. Another complicating factor forms the fact that plasma 
chitotriosidase tends to increase with age, particularly after the third decade 
of life. The reason for this is unknown, although it cannot be excluded that this 
phenomenon reflects to some extent gradual accumulation of lipid-laden mac-
rophages in the vasculature. A final complication is the existence of a second 
chitinase, the acidic mammalian chitinase (AMCase) [8]. In man, this chitinase is 
hardly secreted into the circulation and plasma enzymatic activity towards artifi-
cial fluorogenic chitin oligosaccharides can be largely ascribed to chitotriosidase 
[35]. However, this may not hold for mice since the promotor regions of chitot-
riosidase and AMCase are quite different in mouse and man [35]. 
Presently many fundamental studies on atherosclerosis are conducted in mouse 
models. The value of chitotriosidase as marker for foam cells and atherosclero-
sis in such models is largely unknown. Arbores-Mainar et al. reported a positive 
correlation between plasma chitotriosidase activity and atherosclerotic lesion 
in ApoE deficient mice [36]. In the present study we investigated the status of 
chitotriosidase in three commonly used mouse models for experimental athero-
sclerosis: APOE3*Leiden mice, a relatively mild model developing early stage le-
sions when fed a diet with a high cholesterol level [37]; Low Density Lipoprotein 
Receptor deficient, LDLR (-/-), mice, a more aggressive model developing severe 
fibrous plaques upon exposure to a cholesterol and fat rich Western type diet; 
and ApoE deficient, APOE (-/-), mice, another severe model developing plaques 
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even upon a normal diet [38]. We also examined mice which had been pharma-
cologically treated in order to ameliorate or enhance the amount of atheroscle-
rotic lesions. We both determined the expression of chitotriosidase and AMCase 
in lesions at the aortic sinus as well as the amount of circulating chitotriosidase 
in the plasma, as measured by an enzymatic assay. The outcome of these investi-
gations is here reported and the findings are discussed. It is concluded that mac-
rophages in murine atherosclerotic lesions do express chitotriosidase, similarly 
to the situation in man. Plasma chitotriosidase levels do not simply correlate 
with lesion size at the aortic sinus in various mouse models. 

Materials And Methods

Animal studies
The three mouse models for atherosclerosis were: APOE3*Leiden mice, LDLR 
(-/-) mice, and APOE (-/-) mice. To induce atherosclerosis, female APOE3*Leiden 
and LDLR (-/-) mice were fed a western type diet containing 1% cholesterol 
(w/w), for 18 and 12 weeks respectively. Some animals received the compound 
AMP-DNM (N-(5-adamantane-1-ylmethoxy-pentyl)-deoxynojirimycin) [39, 40], 
an inhibitor of glycosphingolipid biosynthesis preventing atherosclerosis) [41]. 
The compound was administered by food at the doses of 0, 50 and 100 mg/kg 
bodyweight/day. Male APOE (-/-) mice were fed chow and/or western type diet. 
Some APOE (-/-) mice were treated with angiotensin II, known to induce ad-
vanced atherosclerotic lesions [42]. Animals were housed at the Institute Animal 
Core Facility in a temperature- and humidity-controlled-room with a 12-h light/
dark cycle. Experiments were performed with the approval of the Ethical Com-
mittee for Animal Experiments. 

Plasma and tissue sampling
Small blood samples were collected via the tail vein or saphenous vein. At the 
end of the experiments, large blood samples were collected by abdominal 
aorta puncture and EDTA plasma samples were stored at -20°C. Hearts from 
APOE3*Leiden and LDLR (-/-) mice were flushed with PBS to remove excess of 
blood before fixation in formaldehyde 1% (formal-fixx, Thermo Electron Corpo-
ration, Pittsburgh, USA) for 24 h and stored at -80°C embedded in tissue medium 
(Tissue-Tek O.C.T, Sakura, Zoeterwoude, the Netherlands). APOE (-/-) aortic tis-
sue was perfused with saline and fixed in 4% paraformaldehyde just after collec-
tion and embedded in paraffin.
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Chitinase enzyme assay
Chitinase enzyme activity was determined with the fluorogenic substrates 
4-methylumbelliferyl-(4-deoxy)-chitobiose at pH 5.2 as previously described 
[34]. Briefly, 5 μl of plasma was incubated with the substrate for 1 hour at 37 
°C. The reaction was stopped with excess of 0.3M glycine-NaOH, pH 10.3 and 
formed fluorescent 4-metylumbelliferone was determined. To distinguish AM-
Case and chitotriosidase enzymatic assays were also performed at pH 2.5, a con-
dition at which AMCase is only active.

In situ hybridization
In situ hybridization (ISH) was performed as described previously (35). The APOE 
(-/-) mouse derived paraffin sections were previously de-parafinized in xylene 
and rehydrated via graded ethanol steps before to be incubated for 7 min with 
protease K, 20 μg/ml in PBS at 37°C whereas APOE3*Leiden and LDLR (-/-) mouse 
derived cryosections were incubated for 3 minutes with the protease K. Sections 
were then re-fixed in 4% formaldehyde/0.2% glutaraldehyde. RNA probes com-
plementary to the full-length mouse mRNA encoding chitotriosidase and AM-
Case were used as described [35]. As a positive control, stomach sections were 
used and incubated with the digoxigenin-labeled RNA probes. Chitotriosidase 
and AMCase are both produced in the stomach, albeit at different sites [35]. The 
aortic root sections were developed overnight for sufficient chitotriosidase and 
AMCase staining. The sections were embedded in gelatine and photographed 
with a Leica DFC 420 video camera.

Immunohistochemistry
To stain macrophages in cryosections of the aortic sinus of APOE3*Leiden and 
LDLR (-/-) mice, the MOMA-2 antibody (Abcam, Cambridge, UK), 1:50 diluted 
in phosphate buffered saline, was used. In the case of paraffin sections of aor-
tic sinus of APOE (-/-) mice, the anti MAC-3 antibody (M3/84, BD Pharmingen), 
diluted 1:30, was used. Sections were incubated with a horseradish peroxidase 
conjugated donkey anti-rat secondary antibody and detected with DAB (Immu-
nologic, Duiven, The Netherlands) as chromogen. Haematoxylin (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) was used to counterstain the nuclei. Primary an-
tibodies were omitted in negative control samples. Images were made with a 
Leica DFC 420 video camera.
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Results

APOE3*Leiden mice: expression of chitotriosidase in plaques at the 
aortic sinus and correlation of plasma chitinase activity with lesion 
area.
Female APOE3*Leiden mice were fed an atherogenic diet with high cholester-
ol content for 18 weeks and sacrificed. In two groups of animals, the diet was 
supplemented with two different doses of the iminosugar AMP-DNM, found to 
potently inhibit lesion formation [41]. In situ hybridization of the aortic sinus 
of the animals revealed that chitotriosidase is expressed in atherosclerotic le-
sion macrophages (figure 1A). We next determined the plasma chitinase activity 
in mice treated with or without AMP-DNM and compared activity levels to le-
sion size. Plasma chitinase activity in APOE3*Leiden mice on western type diet 
(mean: 108 nmol/h.ml) was increased above levels encountered in wild type 
mice (30-70 nmol/h.ml). The plasma enzyme levels in mice treated with or with-
out AMP-DNM correlated with the size of lesions in the aortic sinus (figure 1B). 

Figure 1. A, Micrograph of aortic sinus of APOE3*Leiden mice: Chitotriosidase mRNA expression, as visualized 
by non-radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in 
serial sections of the aortic sinus. B, Plasma chitinase activity of APOE3*Leiden mice fed different diets and 
concentrations AMP-DNM (left) and the correlation of plasma enzyme activity with atherosclerotic lesion area 
(right).
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LDLR (-/-) mice: expression of chitotriosidase in plaques at the aortic 
sinus and lack of correlation of plasma chitinase activity with lesion 
size.
LDLR (-/-) mice develop severe and advanced atherosclerotic plaques when fed 
a western type diet containing 0.25% cholesterol. In two groups of animals such 
diet was supplemented with a low and high dose of the iminosugar AMP-DNM, 
resulting in prevention of lesions. In situ hybridization of the aortic sinus of LDLR 
(-/-) mice revealed again that chitotriosidase is expressed by lesion macrophages 
(figure 2A). Although plasma chitinase activity was higher in LDLR (-/-) mice (ex-
ceeding 100 nmol/h.ml) than wild type animals (30-70 nmol/h.ml), a compari-
son of plasma chitinase activity and lesion size did not show a significant correla-
tion (figure 2B). 

Figure 2. A, Micrograph of aortic sinus of LDLR (-/-) mice: Chitotriosidase mRNA expression, as visualized 
by non-radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in serial 
sections of the aortic sinus. B, Plasma chitinase activity of LDLR (-/-) mice fed different diets and concentrations 
AMP-DNM (left) and the correlation of plasma enzyme activity with atherosclerotic lesion area (right).
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APOE (-/-) mice: expression of chitotriosidase in plaques at the aortic 
sinus and lack of correlation of plasma chitinase activity with lesion 
size. 
APOE (-/-) mice already develop atherosclerotic lesions on a chow diet. Athero-
sclerosis can be accelerated by administration of a western type diet and fur-
ther enhanced by administration of the pro-inflammatory peptide angiotensin 
II. In situ hybridization of the aortic sinus again showed that chitotriosidase is 
expressed by macrophages in the atherosclerotic plaque, (figure 3A). Plasma chi-
tinase activity was found to be markedly increased in animals receiving a west-
ern diet (figure 3B). Surprisingly, the plasma enzyme levels were lower in mice 
treated with angiotensin, contrasting with increased lesion size at the aortic si-
nus. No correlation between plasma chitinase activity and lesions in the aortic 
sinus was thus noted (figure 3B). 

Figure 3. A, Micrograph of aortic sinus of APOE (-/-) mice: Chitotriosidase mRNA expression, as visualized 
by non-radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in serial 
sections of the aortic sinus.  B, Plasma chitinase activity of APOE (-/-) mice fed different diets and angiotensin 
II (left) and the correlation of plasma enzyme activity with atherosclerotic lesion area (right).
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AMCase in mouse models for atherosclerosis
Given the marked differences between man and rodents in the promotor re-
gions of both the chitotriosidase and AMCase genes [35], we also investigated 
expression of AMCase in lesion present in the aortic sinus. Figure 4 shows that 
macrophages in the murine atherosclerotic lesions do not express AMCase. 
In plasma of mice, in contrast to the situation in man, AMCase contributes sig-
nificantly to the total chitinase activity measured with the 4-methylumbelliferyl-
deoxychitobiose substrate at pH 5.2. Both enzymes are active at this pH, how-
ever AMCase is the only chitinase active at pH 2.5. Measuring enzymatic activity 
at both pH 5.2 and 2.5, and knowing the ratio of enzymatic activity of AMCase at 
pH 2.5 to 5.2, one is able to estimate the contribution of AMCase to total plasma 
chitinase activity. In the case of plasma obtained from wild type mice AMCase is 
responsible for more than 30% of the total chitinase activity.

Figure 4. Micrograph of aortic sinus of LDLR (-/-) mice: AMCase mRNA expression, as visualized by non-
radioactive in situ hybridization, (left panel) and macrophage immuno staining (right panel) in serial sections 
of the aortic sinus.

Discussion

In our study we examined more closely chitotriosidase in relation to athero-
sclerosis in three commonly used mouse models, APOE3*Leiden, LDLR (-/-) and 
APOE (-/-) mice, differing in severity of atherosclerotic lesion development. In all 
three models, inspection of atherosclerotic plaques by in situ hybridization re-
vealed expression of chitotriosidase mRNA by lesion macrophages. In the mild-
est model, APOE3*Leiden mice, plasma chitinase activity correlated well with 
the area of the plaque in the aortic sinus. However, in more severe models of 
atherosclerosis this correlation did not prevail. LDLR (-/-) mice develop advanced 
lesions when fed a western type of diet. Although chitinase activity is increased 
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in plasma of LDLR (-/-) mice, we noted no strict correlation between plasma 
chitinase activity with different severity of atherosclerotic disease. A similar 
observation was made in APOE (-/-) mice, an even more aggressive model for 
atherosclerosis. Intriguingly, administration of angiotensin II, known to enhance 
atherosclerosis, was not reflected by plasma chitinase activity levels.
Comparable to the situation in man, macrophages in atherosclerotic lesions at 
the aortic sinus in various mouse models express chitotriosidase. Our finding 
that plasma of chitinase activity in these mice is not accurately reflecting the 
atherosclerotic process may have several explanations. It is known that in mice 
chitotriosidase is not the prominent chitinase but rather the Acidic Mammalian 
Chitinase (AMCase) [8, 35]. The latter enzyme contributes significantly to the to-
tal plasma chitinase activity in mice and thus may partly mask the elevated levels 
of chitotriosidase stemming from atherosclerotic lesions. In addition it is known 
that chitotriosidase is relatively rapidly cleared from the circulation in mice. Van 
Eijk and co-workers demonstrated that upon intravenous administration of re-
combinant human chitotriosidase, the enzyme is cleared from the circulation for 
about 90% within an hour [12]. It should be also kept in mind that it is entirely 
unclear whether secretion of chitotriosidase into the blood stream from early 
stage and advanced atherosclerotic lesions is comparable. Finally, the circulating 
chitinases in plasma may stem from various sources and not reflect exclusively 
lipid-laden macrophages in the aortic sinus.
In conclusion, we firstly report on the expression of chitotriosidase, but not AM-
Case in lipid-laden macrophages in murine atherosclerotic lesions. Interestingly, 
this is reflecting the human situation, since also in human lesions chitotriosidase 
is expressed by macrophages. Despite the abundance of chitotriosidase in the 
lesions, plasma chitotriosidase activity predicts the atherosclerotic burden only 
for one of the three animal models used. Considering the interference of AM-
Case when performing the enzyme activity assay, and the relative short life of 
the enzyme in plasma, its general use as biomarker for progression or regression 
of atherosclerotic disease is not recommended. 
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Abstract

Inhibition of GSL synthesis with iminosugar N-(5'-adamantane-1'-yl-methoxy)-
pentyl-1-deoxynojirimycin (AMP-DNM) increases faecal neutral sterol (FNS) out-
put in mice. To investigate which pathways were involved in this increase, we 
treated C57Bl/6J mice with AMP-DNM and/or ezetimibe. FNS output was three-
fold increased with combined AMP-DNM/ezetimibe treatment compared to the 
approximately two-fold increases with single treatments. Bile canulations and 
intestine perfusions showed that biliary cholesterol secretion and trans-intes-
tinal cholesterol efflux (TICE) are increased in mice receiving AMP-DNM treat-
ment. Our study indicates that AMP-DNM treatment of mice increases FNS by 
promoting biliary and intestinal cholesterol secretion without inhibiting choles-
terol absorption. 

Keywords: glycosphingolipids, reverse cholesterol transport, faecal neutral ste-
rol, intestine, glucosylceramide synthase, hypercholesterolemia
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Introduction

Dyslipidemia is a risk factor for cardiovascular diseases (CVD) [1]. In this connec-
tion, attention has largely been focussed on triglyceride and cholesterol levels. A 
role for sphingolipids in CVD is considered due to the growing awareness of the 
relationship between sphingolipids and cholesterol [2-6]. Since plasma sphin-
golipids are mainly associated with very low density lipoprotein (VLDL) and low 
density lipoproteins (LDL), their correlation with CVD could be a mere conse-
quence of the already established atherogenic nature of these lipoproteins [7-9]. 
Additional roles for sphingolipids in CVD might exist. For example, our group has 
shown that specific pharmacological lowering of glycosphingolipids (GSL’s) with 
glycosylceramide synthase inhibitor N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-
deoxynojirimycin (AMP-DNM), reduces plasma cholesterol levels by increasing 
biliary cholesterol secretion, and increasing faecal neutral sterol (FNS) excretion 
in mice [10] and consistently drug treatment prevents atherosclerosis in hyper-
lipidemic mouse models [11].
AMP-DNM does not only improve cholesterol homeostasis. In fact, AMP-DNM 
treatment was firstly studied in genetically modified ob/ob mice and found to 
improve glycemic control resulting in reduced blood glucose levels, reduced gly-
cated hemoglobin (HBA1c) levels and improved insulin sensitivity as measured 
in muscle and liver by euglycemic clamps [12]. In liver and adipose tissue, im-
provement of insulin-stimulated insulin receptor autophosphorylation was also 
observed [13;14]. As a consequence fat storages are clearly reduced in liver of 
AMP-DNM treated animals, and expression of sterol responsive element binding 
protein 1-c (SREBP1c) target genes involved in fatty acid synthesis are normal-
ized [13]. In the adipose tissue, adipogenesis is restored and inflammation is 
reduced by AMP-DNM treatment [14]. 
How the drug exactly promotes increased faecal excretion of cholesterol in the 
various mouse models used is still not precisely known. It may be that AMP-DNM 
by changing sphingolipid levels via inhibition of glucosylceramide synthase activ-
ity stimulates the reverse cholesterol transport (RCT) pathway [15]. This may 
result in increased FNS by increased biliary cholesterol secretion and/or trans-
intestinal cholesterol excretion (TICE), the recently described alternative direct 
secretion of cholesterol via the intestine [16]. In addition to these pathways, a 
direct inhibitory effect of AMP-DNM on intestinal cholesterol absorption cannot 
be excluded. Intestinal cholesterol absorption is mediated by the Niemann-Pick 
C1 Like 1 (NPC1L1) protein [17;18]. Ezetimibe, and particularly its glycosylated 
metabolite, is a potent inhibitor of the NPC1L1 mediated cholesterol absorp-
tion [19]. AMP-DNM, being a compound consisting of an iminosugar moiety 
and a large hydrophobic group, resembles to some extent ezetimibe in these 
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structural features.  In figure 1, the biological active metabolite of ezetimibe, i.e. 
ezetimibe glucuronide is shown, as well as AMP-DNM. There is indeed a simi-
larity between the anti-atherogenic effect of AMP-DNM in ApoE3*Leiden mice 
and that reported for ezetimibe [11;20]. However, in an earlier study we did 
not observe a changed uptake of radiolabeled cholesterol in AMP-DNM treated 
ApoE3* Leiden mice [11]. 
To definitely exclude a direct effect of AMP-DNM on cholesterol absorption and 
to elucidate pathways involved in the increased FNS, we treated mice with AMP-
DNM in the presence or absence of ezetimibe and determined biliary cholesterol 
secretion and TICE.

 

Figure 1 Structure formula’s of AMP-DNM and ezetimibe-glucuronide, the active metabolite of ezetimibe. 
The two compounds present similar structural proprieties. They both present a sugar moiety and a large 
hydrophobic group.
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Materials And Methods

Animals and diet
Male C57Bl/6J mice (4-5 months; n=5) were housed in the animal facility (2-3 
mice per cage) on a 12 h light- 12 h dark cycle, and food and water were supplied 
ad libitum. For two weeks, one group received a reference diet (AM-II chow, 
Arie Blok BV, The Netherlands), two groups received either a reference diet con-
taining AMP-DNM (100 mg/kg bw/day) or a diet containing ezetimibe (Ezetrol, 
Schering-Plough, Utrecht, The Netherlands; 10 mg/kg bw/day), the last group 
received ezetimibe (10 mg/kg bw/day) and AMP-DNM (100 mg/kg bw/day) in 
combination. All experiments were performed with the approval of the local 
Ethical Committee for Animal Experiments.

Cholesterol intake and output measurements
After 10 days of treatment, daily food intake and faecal neutral sterol excretion 
per cage were measured for a period of 2 days. During this period, the mice and 
remaining diet were weighed and faeces were collected per cage each day. FNS 
was determined as described below.

Intestine perfusion procedures
After 2 weeks of diet, mice were anaesthetized (7 ml fluanisone (17.5 mg), fen-
tanyl citrate (0.55 mg), and midazolam (8.75 mg) per kg bw) with an intraperito-
neal injection and placed on a heat pad to maintain body temperature. The bile 
duct was cannulated via the gallbladder to divert biliary cholesterol. The first 15 
min fraction was used to measure biliary cholesterol secretion. Intestine per-
fusions were performed as described previously [16]. Perfusate fractions were 
stored at -20 °C until further analysis. At the end of the perfusion period, blood 
was collected by cardiac puncture to obtain plasma. Plasma was stored at -80 °C. 

Determination of mRNA levels
Total RNA was isolated using Trizol reagent according to the manufacturer’s pro-
tocol (Invitrogen, Breda, The Netherlands). Purified RNA was 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 (Invitrogen, 
Breda, The Netherlands) according to protocols supplied by the manufacturers. 
Gene expression analysis was performed by use of SYBR green. Quantitative 
gene expression analysis was performed on a Bio-Rad MyiQ Single-Color Real-
Time PCR Detection System (Bio-Rad, Veenendaal, The Netherlands). Hypoxan-
thine-guanine phosphoribosyl transferase (HPRT), cyclophilin, and acidic ribo-
somal phosphoprotein P0 (36B4) were used as standard housekeeping genes. 
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Details of primers used for gene expression analysis are available upon request.

Analytical procedures
Cholesterol in bile and in intestinal perfusate was measured by a fluorescent 
method as described previously [21]. Total cholesterol concentrations of plasma 
samples were determined using the cholesterol RTU kit from Biomerieux (Marcy-
l’Etoile, France). Triglycerides in plasma were determined using the Triglycerides 
Ecoline S+ kit (Diagnostic Systems GmbH, Holzheim, Germany). Total cholesterol 
content of the main lipoprotein classes (very low density lipoprotein (VLDL), low 
density lipoprotein (LDL) and HDL) was determined in pooled plasma using high 
performance gel-filtration chromatography (HPGC) as described previously [22]. 
For FNS analysis, 1-day faecal samples were collected, lyophilized and grinded. 
Samples were prepared for analysis by gas chromatography as described previ-
ously [23]. Glucosylceramide levels in plasma were determined after lipid extrac-
tion according to Folch [24] by high-performance liquid chromatography analysis 
according to procedure as described previously [12]. 

Statistics
All results are presented as mean ± SD. Group means for TICE, as depicted in the 
figures, were calculated by averaging the outcomes of all mice that got the same 
treatment. Statistical differences between groups were determined by ANOVA. 
Outcomes of p < 0.05 were considered to be significant.    

Results

AMP-DNM stimulates additional cholesterol excretion in ezetimibe 
treated mice
C57Bl/6J mice were divided in two groups by feeding them a reference diet with 
or without ezetimibe. To assess the effect of AMP-DNM on cholesterol excretion, 
we supplemented the diets of these mice with AMP-DNM. Treatments did not 
affect the body weights of the mice even if the group that received ezetimibe 
and AMP-DNM in combination showed a slight reduction in the food intake (Ta-
ble1). FNS output was measured after 10 days of treatment. In mice that did not 
receive ezetimibe, AMP-DNM treatment resulted in an about 2-fold increase in 
FNS excretion compared to the group that received the reference diet (Fig. 2). 
A quite similar increase was observed for animals treated with ezetimibe only. 
Combined treatment with AMP-DNM and ezetimibe increased more markedly 
FNS by approximately 3-fold compared to the control group.
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AMP-DNM stimulates cholesterol secretion via bile and TICE
To determine the pathways involved in the increase of FNS in treated animals, 
we determined biliary cholesterol secretion after gallbladder cannulations and 
TICE after intestine perfusions [16]. As reported previously, AMP-DNM treat-
ment stimulated secretion of cholesterol via bile [10]. Ezetimibe treatment alone 
did not affect this pathway (Fig. 3A). Interestingly animals that received AMP-
DNM alone or in combination with ezetimibe showed a significant increase of 
TICE (Fig. 3B), whereas ezetimibe alone did not affect this pathway as shown in 
a previous study [25].

Major cholesterol transport genes are not affected
To determine if the changes in cholesterol secretion could be attributed to al-
tered expression of genes related to cholesterol transport, we analysed mRNA 
levels in both liver and intestine out from animals (Table 2). We did not observe 
significant changes in the expression of most analyzed genes upon AMP-DNM 
treatment. Scarb1 and Scarb2 were slightly but significantly modulated in livers
of treated animals.

Figure 2. AMP-DNM and ezetimibe have an 
additive effect on FNS excretion. 
After 10 days of treatment, faeces were 
collected for 2 days from two cages (2-3 
mice per cage) per group and the sterol 
content was analysed.

Table 1. Effect of AMP-DNM and ezetimibe on body weight and food intake
Values are expressed as means ± SD. a Significant difference in food intake between the AMP-DNM treated 
animals and their corresponding controls. b Significant difference in food intake between treated groups and 
animals that received reference diet only

Ref. Diet AMP-DNM Ezetimibe Ezetimibe + 
AMP-DNM

Bodyweight at 
start treatment

31.1 ± 1.8 30.9 ± 2.2 31.8 ± 2.9 32.4 ± 0.4

Bodyweight at 
end treatment

31.3 ± 2.0 29.6 ± 1.4 31.2 ± 1.7 29.9 ± 1.5

Food intake 
(g/day.100g bw)

15.1 ± 1.0 14.8 ± 0.7 13.9 ± 1.7 11.8 ± 0.4a, b
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Figure 3. AMP-DNM treatment stimulates biliary 
cholesterol secretion and TICE. 
After 2 weeks of treatment, gallbladder cannulations 
and intestine perfusions were performed. 
Cholesterol in collected bile and perfusate was 
measured to determine biliary cholesterol secretion 
(A) and TICE (B)

Table 2. Hepatic and intestinal relative gene expression in mice after treatment
Values are expressed as means ± SD. a Indicates a significant difference between the AMP-DNM treated animals 
and their corresponding controls. b Indicates a significant difference between treated groups and animals that 
received reference diet only

Liver Intestine

Ref. 
Diet

AMP-
DNM

Ezetimibe Ezetimibe 
+ AMP-
   DNM

Ref. 
Diet

AMP-
DNM

Ezetimibe Ezetimibe 
+ AMP-
   DNM

Abca1 1.00± 
0.03

0.78± 
0.42

0.7± 
0.13

0.81± 
0.13

1.00± 
0.13

0.78± 
0.37

0.19± 
0.10b

0.4±
0.31b

Abcg5 1.00± 
0.34

0.82± 
0.41

0.97± 
0.17

1.30± 
1.10

1.00± 
0.16

0.88± 
0.30

0.60± 
0.07b

0.92± 
0.58

Abcg8 1.00± 
0.37

0.67± 
0.41

0.82± 
0.29

1.57± 
1.33

1.00± 
0.45

1.26± 
0.38

0.80± 
0.39

0.97± 
0.60

Npc1l1 - - - - 1.00± 
0.19

1.15± 
0.37

0.89± 
0.17

1.35± 
0.83

Scarb1 1.00± 
0.10

0.62± 
0.13a, b

0.79± 
0.17

1.63± 
0.17a, b

1.00± 
0.37

0.99± 
0.51

1.91± 
0.62b

1.77± 
1.45

HMG-
CoAR

1.00± 
0.22

1.86± 
1.01

2.32± 
0.74b

1.71± 
0.72

1.00± 
0.14

1.25± 
0.24

1.19± 
0.12

1.29± 
0.45

Rab9 1.00± 
0.23

1.06± 
0.20

0.98± 
0.19

0.89± 
0.23

1.00± 
0.20

0.80± 
0.13

1.04± 
0.19

1.10±
0.23

Scarb2 1.00± 
0.10

1.04± 
0.11

0.88± 
0.19

1.35± 
0.09a, b

1.00± 
0.12

0.96± 
0.43

1.20± 
0.15

0.85± 
0.45
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AMP-DNM lowers plasma cholesterol
AMP-DNM treatment resulted in a reduction of plasma levels of glucosylce-
ramide and cholesterol as earlier observed [10;11]. Ezetimibe treatment, on the 
contrary, either with or without AMP-DNM treatment, did not induce any chang-
es in plasma cholesterol (Fig. 4A). The reduction of cholesterol observed with 
AMP-DNM (+ or – ezetimibe) was not restricted to one specific fraction in the 
lipoprotein profile (Fig. 4B, Table 3). Given the fact that the cholesterol lowering 
observed in the group treated with both drugs is due to AMP-DNM action only, 
we excluded that the modulation of lipid was linked to the observed reduction 
in food intake. 

 

Figure 4. AMP-DNM treatment reduces plasma cholesterol levels. 
Plasma levels of glucosylceramide (GluCer), total plasma cholesterol, and triglyceride levels were measured 
(A). Lipoproteins from pooled plasma samples were separated by HPGC combined with subsequent in-line 
total cholesterol determination (B).
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Discussion

Previously, we have shown in mice that AMP-DNM treatment stimulates FNS 
excretion which can be partly explained by induced biliary cholesterol secretion 
[10;11]. In this study we determined which other pathways are additionally in-
volved in the FNS increase: cholesterol absorption and TICE (intestinal excretion 
of cholesterol). To this end, we firstly compared the effect of AMP-DNM on cho-
lesterol homeostasis in mice that were either simultaneously treated with ezeti-
mibe or not. NPC1L1 mediates intestinal cholesterol absorption and its inhibitor 
ezetimibe is known to reduce cholesterol absorption to levels similar to what is 
observed in Npc1l1 deficient mice [18]. Our study shows that single treatment 
with either AMP-DNM or ezetimibe results in quite similar output of FNS. Inter-
estingly, the addition of AMP-DNM in the ezetimibe treated group, increased ad-
ditively FNS excretion, indicating that AMP-DNM induces cholesterol excretion 
without affecting cholesterol uptake in the intestine. Indeed, we have earlier 
been unable to demonstrate that absorption of labelled cholesterol is impaired 
by AMP-DNM treatment [11].
Part of the sterols excreted via the faeces originates from cholesterol secreted in 
bile and from TICE that involves direct secretion of circulating cholesterol by the 
intestine [16;26]. We therefore examined by intestine perfusions the rate of TICE 
in animals treated with or without AMP-DNM. Iminosugar treatment was found 
to significantly increase TICE, in animals treated with or without ezetimibe. 
Thus, AMP-DNM seems to effect cholesterol homeostasis by promoting both 
biliary cholesterol secretion and TICE, but not by inhibiting cholesterol absorp-
tion. Both cholesterol secretion routes were found to be unaffected by ezetimibe 
treatment alone as described earlier [25].
Although glucosylceramide synthase inhibition induces FNS excretion, the ex-
pression of established genes involved in cholesterol transport in the liver or the 
intestine were found to be mostly unaffected. Treatment with ezetimibe alone 
did increase hepatic Hmg-CoA reductase compared to reference diet fed group, 
which indicates de novo cholesterol synthesis in response to reduced cholesterol 

Table 3. Effect of AMP-DNM and ezetimibe on cholesterol level (mM) in the different lipoprotein particles.  

VLDL LDL HDL

AMP-DNM Ezetimibe

- - 0,03 0,33 2,21

+ - 0,01 0,20 1,69

- + 0,07 0,40 2,88

              + + 0,12 0,38 2,00
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uptake [27;28]. Previous studies performed on TICE so far also revealed no direct 
relationship between intestinal expression of genes related to lipid homeostasis 
and activity of TICE [25;29;30]. Such studies suggested that expression of two 
genes, Scarb2 (also referred as lysosomal integral membrane protein type (LIMP 
2)) and Rab9, may be associated with TICE [25]. Scarb2 is linked to glycosphin-
golipid metabolism by its recently demonstrated role in intracellular transport 
of the enzyme glucocerobrosidase [31]. Of interest, we observed a significant 
increased expression of Scarb2 mRNA in liver of mice treated with AMP-DNM 
and ezetimibe. This was however not seen in the intestine of the same animals. 
Scarb1 is the gene encoding for the scavenger receptor class B, type 1 (SR-B1), 
the receptor for HDL. HDL binds to SRB1 localized in the hepatocyte basolateral 
plasma membrane. Part of the HDL free-cholesterol is  converted to bile acids 
and transported to the bile canaliculus for cosecretion with HDL-derived free 
cholesterol into bile for elimination[32]. Gene expression of Scarb1 was unex-
pectedly down regulated with AMP-DNM and this is in contrast with previous 
study where upregulation of SR-B1 mRNA was observed with AMP-DNM , in line 
with its effect on cholesterol lowering and bile production[10; Bietrix et al un-
published]. This gene was instead unregulated when mice were treated with 
both drugs, explaining the reduction in HDL and the effect on biliary cholesterol. 
Scarb1 mRNA was upregulated also in the intestine of animals treated with ezeti-
mibe only. This could be a compensation mechanism to inhibition of cholesterol 
absorption and since it was shown that in vitro ezetimibe is able to bind SR-B1 
and to block cholesterol uptake via this receptor [33]. 
A cholesterol lowering effect of AMP-DNM has now been demonstrated in both 
normo- and hyperlipidemic mouse models (this study and [10;11]). This benefi-
cial effect of AMP-DNM is exerted by stimulation of RCT in a pleiotropic manner 
involving increased biliary cholesterol secretion and increased TICE. However, 
further research is needed to elucidate in which manner the inhibition of glyco-
sphingolipid synthesis is regulating cholesterol homeostasis. In conclusion, our 
study shows that inhibition of glycosphingolipid synthesis by AMP-DNM increas-
es FNS in mice by both stimulating biliary cholesterol secretion and TICE, two 
pathways of the RCT without affecting intestinal cholesterol absorption. 
Coronary heart disease forms a major public health concern worldwide, with 
dyslipidemia as major risk factor. Current therapeutic strategies aim to reduce 
plasma cholesterol by inhibiting its hepatic synthesis [34] Statin drugs are rec-
ommended by several guidelines for both primary and secondary prevention 
[35]. They reduce the incidenceof cardiovascular events by 25% [36]. To achieve 
a further substantial drop in cardiovascular morbidity and mortality, new thera-
peutic modalities are desired. Pathways involved in removal of arterial choles-
terol and elimination of cholesterol in excess from the body are therefore under 
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intense investigation. Targeting the synthesis of glycosphingolipids appears an 
interesting avenue in this respect. We have recently shown that the AMP-DNM, 
an iminosugar inhibitor of the glucosylceramide synthase catalyzing the rate 
controlling step in the biosynthesis of glycosphingolipids [12], effectively lowers 
plasma cholesterol in mice and improves excretion of cholesterol from the body 
[10;11]. AMP-DNM promotes reverse cholesterol transport by stimulating both 
secretion of cholesterol in bile and trans-intestinal cholesterol excretion (TICE), 
the more recently described pathway involving secretion of cholesterol from 
blood through the intestine [16]. In this manner AMP-DNM is able to prevent 
atherosclerosis development in two models of hypercholesterolemic mice [11]. 
The anti-atherogenic action of AMP-DNM warrants further investigations with 
respect to underlying mechanisms and possible application as drug for preven-
tion of coronary heart disease in man. 
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Abstract

The iminosugar N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-deoxynoijirimycin 
(AMP-DNM), an inhibitor of glycosphingolipid (GSL) biosynthesis is known to 
ameliorate diabetes, insulin sensitivity and to prevent liver steatosis in ob/ob 
mice. Thus far the effect of GSL synthesis inhibition on pre-existing NASH has not 
yet been assessed. To investigate it, LDLR(-/-) mice were kept on a western-type 
diet for 12 weeks to induce NASH. Next, the diet was continued for 6 weeks in 
presence or not of AMP-DNM in the diet. AMP-DNM treated mice showed less 
liver steatosis, inflammation and fibrosis. Induction of fatty acid beta-oxydation 
was observed, as well as a reduction of plasma lipids. Our study demonstrates 
that AMP-DNM treatment is able to significantly correct pre-existing NASH, sug-
gesting that inhibiting GSL synthesis may represent a novel strategy for the treat-
ment of this pathology. 

Keywords: steatosis, NASH, cholesterol, glycosphingolipids, beta-oxidation, imi-
nosugars 
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Introduction

The metabolic syndrome represents a combination of health risk factors includ-
ing abdominal obesity, insulin resistance, dyslipidemia and hypertension. Non 
Alcoholic Fatty Liver Disease (NAFLD) is the hepatic manifestation of the meta-
bolic syndrome. NALFD includes a large variety of liver derangements ranging 
from simple fat accumulation in the parenchymal cells (steatosis) to non-alco-
holic steatohepatitis (NASH) including inflammation and varying degrees of fi-
brosis. NAFLD is estimated to affect at least 20% of the general adult population 
and over 50% of the obese population [1,2]. In about 30% of NAFLD patients, 
the disease can progress into steatohepatitis and cirrhosis [3]. It is expected that 
as the prevalence of obesity and metabolic syndrome rises, NAFLD-associated 
diseases will be an increasing healthcare concern and therapeutic measures are 
thus needed to address this major health problem [4,5]. Fat accumulation in 
hepatocytes is the result of an imbalance between triglyceride synthesis and 
degradation. An increased flux and/or endogenous synthesis of free fatty acids 
(FFA) may lead to accumulation of triglycerides within the liver when mitochon-
drial β-oxidation and VLDL production and secretion are not sufficient to handle 
the FFA load. The molecular mechanisms behind this fat accumulation in hepa-
tocytes leading to NASH still remain unclear. Hepatic inflammatory cell recruit-
ment and inflammatory cytokines appear to play a key role in this process and 
dietary cholesterol has been proposed to be an important contributor for the 
development of the pathology in hyperlipidemic mouse models [6,7]. 
We and others have previously shown that two distinct classes of inhibitors of 
glucosylceramide (GlcCer) synthase, the rate limiting enzyme involved in gly-
cosphingolipid (GSL) biosynthesis, improved glycemic control, decreased insu-
lin resistance and reduced fatty liver development in animal models of obesity 
i.e. diet-induced obesity (DIO) mice and ob/ob mice [8–13]. A particular role 
for the ganglioside GM3 in insulin sensitivity has become apparent in recent 
times. Firstly, Yamashita et al. reported that mice deficient in GM3 synthase, 
and thus deficient in the ganglioside GM3 and higher gangliosides like GM2-
glycol, are protected against insulin resistance and obesity [14]. Inokuchi and 
co-workers showed that the ganglioside GM3 interacts directly with a lysine resi-
due in the insulin receptor [15]. The role of gangliosides in insulin sensitivity has 
recently been reviewed [16, 17]. The use of the iminosugar N-(5’-adamantane-
1’-yl-methoxy)-pentyl-1-deoxynoijirimycin (AMP-DNM) and ceramide-mimic 
Genz-123346 [(1R,2R)-nonanoic acid[2-(2′,3′-dihydro-benzo [1,4] dioxin-6′-yl)-
2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt], both inhibi-
tors of GlcCer synthase, clearly improved liver steatosis [13]. However, the ability 
of AMP-DNM to correct liver steatosis and even NASH when it already has devel-
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oped, has not yet been investigated. 
In the present study, LDLR(-/-) and APOE*3 Leiden mice, two models sensitive 
to liver steatosis were allowed to develop NASH for 12 weeks on high fat-high 
cholesterol diet and were subsequently treated with AMP-DNM for 6 weeks. We 
observed that despite the maintenance of the animals on a high fat-high cho-
lesterol diet, AMP-DNM treatment reduced plasma lipids and that the steatosis, 
the inflammatory and fibrotic status were profoundly improved. 
 
Materials And Methods

Materials
AMP-DNM was synthesized as previously described [18,19]. All solvents and re-
agents used were of analytical grade.

Mice and diets
Experiments were performed with the approval of the local Ethical Committee 
for Animal Experiments.
40 female LDLR(-/-) mice (8-12 weeks-old) were fed a western-type diet (0.25% 
cholesterol, 15% fatty acids; Arie Blok, Woerden, the Netherlands) for 12 weeks 
to induce NASH and 10 mice were sacrificed. The 30 remaining mice were subdi-
vided into 3 groups of 10 animals, one group continued the same diet for anoth-
er 6 weeks, the second group received the same diet supplemented with 0.3 g 
AMP-DNM per kg diet  to obtain the calculated dose of 50 mg AMP-DNM. kg bw-

1. day-1 and the third group received 0.6 g AMP-DNM per kg diet  to obtain 100 
mg AMP-DNM. kg bw-1. day-1. In parallel, one group of 5 LDLR(-/-) mice was kept 
on chow diet. In a second experiment, 40 female APOE*3 Leiden (8-12 weeks-
old) were fed a high fat-high cholesterol diet (1% cholesterol, 15% fatty acids) for 
12 weeks and 10 mice were sacrificed. The 30 remaining mice continued with a 
western-type diet (0.25% cholesterol, 15% fatty acids) supplemented or not with 
two different doses of AMP-DNM to obtain the calculated dose of 50 mg and 100 
mg AMP-DNM. kg bw-1. day-1. 

Plasma and tissue sampling
Blood samples of non-fasted animals were collected via the tail vein at the time 
points indicated in the figures. At the end of the experiments, blood samples 
were collected by abdominal aorta puncture and plasma samples were stored 
at -20°C. Livers were quickly excised and weighed, and parts were snap-frozen 
in liquid nitrogen and stored at -80°C, or fixed in 10% buffered formalin and em-
bedded in paraffin.
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Analytical procedures
Blood glucose levels were determined in plasma of fasted animals using a hand-
held Glucometer (Ascensia Elite; Bayer A.G., Leverkusen, Germany) one week 
before the sacrifice of the animals. Hemoglobin A1c levels were measured using 
a single measurement A1C now device (Metrika, Sunnyvale, CA). Insulin levels 
were determined by enzyme-linked immunosorbent assay (Crystal Chem Inc., 
Downers Grove, IL). Free cholesterol, total cholesterol, and triglycerides in liver 
samples were determined after lipid extraction according to Folch [20] using a 
colorimetric enzymatic kit (Biolabo, Maizy, France). Cholesterol and triglyceride 
levels in plasma were determined using the same assay. FFA level in plasma were 
determined using a colorimetric enzymatic kit (Wako Chemicals Gmbh, Neuss, 
Germany). Ceramide and GlcCer were determined after Folch extraction as pre-
viously describe [11]. Plasma cholesterol concentrations in the main lipoprotein 
classes were determined in pooled plasma samples of each group (5 mice) sepa-
rated by high performance gel filtration chromatography [21].

Histology
Paraffin embedded liver sections (7 µM) were de-waxed and stained with hema-
toxylin-eosin for general histology, or with 0.2% picro-sirius red to detect fibrillar 
collagen deposits. To detect neutral lipids, cryostat sections of 7 µM were stained 
with 0.3% Oil Red O. For detection of macrophages/monocytes, a rat polyclonal 
anti-CD68 was used (Serotec, Oxford UK) and an anti-alpha smooth muscle ac-
tin (SMA) antibody to visualize activated stellate cells (1A4, Abcam, Cambridge, 
UK). Frozen sections of livers fixed in cold acetone were incubated one hour at 
room temperature with CD68 (1/100 dilution) or SMA antibody (1/100 dilution) 
followed by incubation for 30 min at room temperature with the corresponding 
secondary antibodies. Visualization of the complex was done with 3,3’-diamino-
benzidine tetrahydrochloride (DAB, Immunologic, Duiven, The Netherlands) for 
5 min. For all stainings, haematoxylin (Sigma-Aldrich, Zwijndrecht, the Nether-
lands) was used to counterstain. Primary antibodies were omitted in negative 
control samples. Images were captured with a Leica DFC 420 video camera.

Determination of mRNA levels
Total RNA was isolated from 50-100 mg of liver tissue using Trizol reagent (Invi-
trogen, Breda, The Netherlands) and reverse transcribed with SuperScript II Re-
verse Transcriptase and random hexamers (Invitrogen, Breda, The Netherlands) 
after treatment with RQ1 Rnase-free Dnase (1 units/2 µg of total RNA, Promega, 
Leiden, The Netherlands). 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). Expression lev-
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els were normalized to Acidic ribosomal phosphoprotein (36B4). Primers used 
are described in supplemental material and methods S1.

Statistical analysis
Values presented in figures concerning the LDLR(-/-) mice represent mean ± 
SEM. Dunnett’s comparison test was performed between 18 weeks controls and 
each other group using GraphPad Prism software. Values presented in figures 
concerning the APOE*3 Leiden mice represent mean ± SEM. Dunnett’s compari-
son test was performed between baseline at 12 weeks and each other group 
using GraphPad Prism software *, p<0.05; **, p<0.01; ***, P<0.001.

Results

AMP-DNM treatment ameliorates hyperlipidemia and reverses hepatic 
steatosis in LDLR(-/-) mice.
In the present study, 40 LDLR(-/-) mice were fed a western-type diet to induce 
NASH and were subsequently treated with two different doses of AMP-DNM to 
achieve the dosing level of 50 and 100 mg AMP-DNM. kg bw-1.day-1. AMP-DNM 
supplementation did not affect the behaviour of the animals. At the dose of 100 
mg AMP-DNM, the bodyweight of the animals was reduced compared to the 
control group and food consumption slightly decreased after the switch of diet 
(table S1). This was not observed in the group treated with 50 mg AMP-DNM. 
AMP-DNM treatment induced a dose-dependent decrease of plasma GlcCer and 
ceramide (table 1). Whereas the amount of GlcCer was dose-dependently de-
creased in the livers of treated animals, ceramide amounts were not changed 
(table 1). AMP-DNM also dose-dependently decreased plasma triglycerides, FFA, 
and cholesterol (fig 1A-C). We also determined the effect of AMP-DNM treat-
ment on hepatic concentration of higher glycosphingolipids: lactosylceramide 
(Laccer); globotriaosylceramide (Gb3) and gangliosides (table 2). The neutral 
glycosphingolipids LacCer and Gb3 were reduced by AMP-DNM treatment. The 
most abundant ganglioside was GM2-glycol. It was significantly reduced by drug 
treatment. This was not seen for the less abundant GM3.
We then determined the effect of AMP-DNM on liver steatosis. First liver weight 
was significantly reduced in a dose-dependent fashion (25% reduction with 50 
mg AMP-DNM and 32% reduction with 100 mg AMP-DNM, p<0.01). Analyses 
of morphology and fat content on liver sections stained with H&E (fig 2A) and 
Oil-red-O (fig 2B) showed that after 12 weeks on western-type diet feeding, liv-
ers of LDLR(-/-) contained micro and macro-lipid droplets, which were slightly 
increased in number and in size after 18 weeks of diet. By contrast, the animals 
treated with 50 mg AMP-DNM showed a dramatic reduction in the amount of 
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hepatic lipid droplets, whereas at the dose of 100 mg AMP-DNM, virtually no 
lipid droplets were present. Biochemical analysis of lipids confirmed a dose-de-
pendent reduction of hepatic triglycerides (fig 2C). Free cholesterol content was 
significantly reduced at the dose of 100 mg AMP-DNM (fig 2D). 

Table 1. Plasma and liver glucosylceramide (glccer) and ceramide (cer) concentrations in LDLR(-/-) mice fed 
a western-type diet for 18 weeks, receiving in the last 6 weeks either 0, 50 or 100 mg AMP-DNM. Data are 
expressed as mean ± SEM of 5 (plasma) and 10 (liver) mice. ***, p<0.001.

plasma (nmol.ml-1) liver (nmol.g-1 liver)

glccer cer glccer cer

chow 11.5±0.3** 6.7±0.4** 38.5±7.0 123.1±11.2

12w 81.4±4.6 45.2±5.2 46.1±3.8 131.9±5.8

18w 85.5±6.7 45.1±2.6 62.5±5.5 150.8±7.7

50mg 32.0±3.2** 35.3±4.7 33.4±3.9*** 150.1±11

100mg 10.1±0.8** 17.7±0.7** 21.7±1.3*** 161.7±8

Table 2. Liver lactosylceramide (Laccer) and globotrihexosylceramide (Gb3) and gangliosides (GM2-gl and 
GM3) concentrations in LDLR(-/-) mice fed a western-type diet for 18 weeks, receiving in the last 6 weeks 
either 0, 50 or 100 mg AMP-DNM. Data are expressed as mean ± SEM of 5 mice. **, p<0.01 ; ***, p<0.001.

liver (nmol.g-1 liver)

Laccer Gb3 GM2-gl GM3

12w 16.4±1.3 7.2±0.6 255.9±19.6 19.8±8.5

18w 22.8±1.2 6.3±0.8 308.7±22.5 23.2±3.4

50mg 16.5±1.1** 2.8±0.3** 338.8±14.5 24.6±4.1

100mg 14.6±1.5*** 0.9.± 0.1*** 173.4±13.8*** 16.7±2.6



146

Figure 1. Effect of AMP-DNM treatment on plasma 
lipids in LDLR(-/-) mice. Mice were fed a western-
type diet for 18 weeks, and received in the last 6 
weeks either 0, 50 or 100 mg AMP-DNM. 
Plasma concentration of triglycerides (A), free fatty 
acids (FFA) (B) and cholesterol (C) after 18 weeks of chow 
diet (chow), 12 weeks of western-type diet (12w) or 18 
weeks of western-type diet with or without AMP-DNM 
treatment at the indicated doses. *p<0.05; **p<0.01. 

Figure 2. Effect of AMP-DNM treatment on liver steatosis in LDLR(-/-) mice. Mice were fed a western-type 
diet for 18 weeks, and received in the last 6 weeks either 0, 50 or 100 mg AMP-DNM. 
(A) Representative photomicrographs of hematoxylin-eosin staining and Oil red O staining (B) of livers section 
after 18 weeks of chow diet (chow), 12 weeks of western-type diet (12w) or 18 weeks of western-type diet 
with or without AMP-DNM treatment at the indicated doses (original magnification x 10). (C) Triglyceride 
content and (D) cholesterol content in liver of animals for the indicated groups. *p<0.05; **p<0.01. #p<0.01 
for esterified cholesterol.
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AMP-DNM treatment modulates hepatic lipogenesis and glucose 
production in LDLR(-/-) mice.
AMP-DNM ameliorates glucose homeostasis and insulin sensitivity in obese ro-
dents [9,11,12,22]. In LDLR(-/-) animals, we observed that blood glucose levels 
were significantly lower at the end of the treatment compared to control animals 
(fig 3A). Insulin levels also tend to decrease with the treatment (fig 3B). The ho-
meostasis model assessment (HOMA) index was significantly reduced in treated 
animals (fig 3C). As a consequence of the improved glucose homeostasis, the 
percentage of glycated haemoglobin was notably reduced as well (fig 3D).
Sterol regulatory element binding protein 1c (SREBP1c) is a transcription fac-
tor activated by insulin and responsible for the transcription of numerous genes 
involved in fatty acid synthesis. Despite insulin resistance for the glucose ho-
meostasis pathway, it has been reported that hyperinsulinemia triggers the ac-
tivation of SREBP-1c and consequently fatty acid synthesis [23]. As anticipated, 
we observed that the western-type diet induced an up-regulation of SREBP1 
(fig 4) and some of its target genes, i.e. fatty acid synthase (FAS) and stearoyl-
CoA desaturase (SCD1). AMP-DNM treatment normalized expression of these 
genes. Moreover, we observed that the western-type diet induced expression of 
PDK4 and glucose-6-phosphatase. Animals treated with AMP-DNM showed cor-
rected expression of both genes. Of interest, CPT1a and PCG1a were increased 
by AMP-DNM treatment and levels of LCAD mRNA tended to be also higher with 
drug treatment at the highest dose (fig 4). These findings suggest that fatty acid 
beta-oxidation is increased by AMP-DNM treatment. Taken together, our data 
strongly suggest that the treatment with AMP-DNM increases insulin sensitiv-
ity in the livers of treated animals, reduces lipogenesis and promotes fatty acid 
beta-oxidation.

Figure 3. Effect of AMP-DNM treatment on insulin sensitivity in LDLR(-/-) mice. 
Mice were fed a western-type diet for 18 weeks, and received in the last 6 weeks either 0, 50 or 100 mg AMP-
DNM. (A) Glucose concentration and (B) insulin concentration in plasma of fasted animals. (C) Homeostasis 
model assessment (HOMA) index and (D) percentage of glycated heamoglobin 1c (HbA1c). *p<0.05; **p<0.01
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Figure 4. Effect of AMP-DNM 
treatment on genes involved 
in lipid metabolism in livers 
of LDLR(-/-) mice. 
Mice were fed a western-
type diet for 18 weeks, 
and received in the last 6 
weeks either 0, 50 or 100 
mg AMP-DNM. Expression 
levels normalized to Acidic 
ribosomal phosphoprotein 
(36B4). *p<0.05; **p<0.01.
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AMP-DNM treatment reduces hepatic inflammation and fibrosis.
Next, we examined the effect of AMP-DNM treatment on hepatic inflammation 
(fig 5). Detailed immunohistochemical analysis on liver sections stained with the 
macrophage marker CD68 (Fig 5A) revealed that after 12 and 18 weeks of west-
ern-type diet, the Kuppfer cells (the resident macrophages of liver) became 
foamy. At the dose of 50 mg AMP-DNM, Kuppfer cells showed an intermediate 
phenotype with a reduction of their size. At the dose of 100 mg AMP-DNM, Kup-
pfer cells looked even closer to normal, almost equal in size to those in animals 
on chow diet. 
Gene expression profiles of inflammatory markers were also monitored (fig 5B). 
After 18 weeks of western-type diet the expression of the macrophage marker 
F4/80 was increased 4-fold, the chemokine (C-C motif) ligand 2 (CCL2)/mono-
cyte chemoattractant protein 1 (MCP-1) 15-fold, and CD11c 3-fold. 
We also analysed expression levels of Glycoprotein Nonmetastatic Melanoma 
Protein B (GPNMB) also called osteoactivin, a new marker of monocyte to mac-
rophage differentiation [24]. On normal chow diet, GPNMB was poorly expressed 
but feeding with the western-type diet resulted in a strong up-regulation of its 
expression (i.e. 300-fold increase after 18 weeks of western-type diet). AMP-
DNM treatment resulted in a dose-dependent reduction of expression of each of 
these markers. At the dose of 100 mg AMP-DNM, the reduction was even larger. 
It suggests that the highest dose of AMP-DNM completely corrected the effect 
of the western-type diet on liver inflammation. 
An important feature in NASH is the progression towards liver fibrosis. To moni-
tor this aspect, we stained sections with Sirius-red. In all groups of animals, posi-
tive collagen staining was observed and was localized near vessels of periportal 
and centrolobular regions. After 12 and 18 weeks of western-type diet, collagen 
staining in these two areas was higher than in animals on chow diet. Collagen 
content was slightly reduced as a consequence of AMP-DNM treatment (fig 6A). 
Immunohistochemistry staining of activated stellate cells with anti-SMA antibody 
and gene expression analysis of SMA confirmed this finding (fig 6B, C). Gene ex-
pression profiles of the collagen 1 alpha (col 1α) and transforming growth factor 
beta (TGFβ) were also monitored (fig 6C). Both these markers were considerably 
increased with the western-type diet, whereas the AMP-DNM treatment nor-
malized their expressions levels.
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Figure 5. Effect of AMP-DNM treatment on hepatic inflammation in LDLR(-/-) mice. 
Mice were fed a western-type diet for 18 weeks, and received in the last 6 weeks either 0, 50 or 100 mg AMP-
DNM. (A) Representative photomicrographs of immunohistochemical staining of CD68 of the indicated mice 
(original magnification x 10). (B) Gene expression of inflammation markers. *p<0.05; **p<0.01.
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AMP-DNM also corrects hepatic steatosis in APOE*3 Leiden
We examined also the impact of AMP-DNM treatment on fatty liver of APOE*3 
Leiden mice that were exposed for 12 weeks to a 1% cholesterol, 15% fat diet. 
The switch of diet induced a slight reduction of the animal bodyweights treated 
with either 50 or 100 mg AMP-DNM. No major changes were observed concern-
ing the food consumption (table S2). The liver of these animals after 12 weeks 
of diet showed steatosis, but no clear fibrosis as compared to the LDLR(-/-) mice 
(fig 7A). Animals were subsequently switched for 6 weeks to 0.25% cholesterol, 
15% fat diet with or without AMP-DNM. The drug treatment lowered as expect-
ed the levels of glucosylceramide in plasma and liver of treated animals (tables 
S3 and S4) and it dramatically corrected liver steatosis that was still prominent 
in the control animals (fig 7A). AMP-DNM also resulted in corrections in liver 
triglyceride and cholesterol content (fig 7B). 

Figure 6. Effect of AMP-DNM treatment on liver fibrosis in LDLR(-/-) mice. 
Mice were fed a western-type diet for 18 weeks, and received in the last 6 weeks either 0, 50 or 100 mg 
AMP-DNM. (A) Representative photomicrographs of Sirius-red staining of liver sections of the indicated 
mice (original magnification x 10). (B) Representative photomicrographs of immunohistochemical staining of 
activated stellate cells (original magnification x 10). (C) Gene expression of fibrosis marker. *p<0.05; **p<0.01.
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Discussion

We have previously demonstrated in leptin-deficient ob/ob mice that AMP-DNM 
treatment reduced liver steatosis associated with a restoration of liver insulin 
signaling [9]. Also hepatic fatty acid synthesis and glycogen storage were normal-
ized. Two other inhibitors of GlcCer synthase, Genz-123346 and Genz-112638, 
also corrected liver steatosis in diet-induced obese (DIO) mice [10,13].
A limitation of the leptin-deficient ob/ob and DIO models is that the mice do not 
develop steatohepatitis or liver fibrosis as is observed in humans [25]. LDLR(-/-) 
mice fed a western-type diet consisting of a moderate amount of fat (15%) and 
cholesterol (0.25%) offer a better model to investigate NASH. The animals, show-
ing a human “like” lipoprotein profile, rapidly develop hepatic steatosis and in-
flammation [26]. We have previously observed in this model that treatment with 

Figure 7. Effect of AMP-DNM treatment on liver steatosis in APOE*3 Leiden mice. 
Mice were fed a high cholesterol-high fat diet (1% cholesterol, 15% fat) for 12 weeks and were fed for 6 
weeks more a western-type diet (0.25% cholesterol, 15% fat) supplemented with either 0, 50 or 100 mg AMP-
DNM. Representative photomicrographs of hematoxylin-eosin staining (A) and Oil red O staining (B) of livers 
section after 12 weeks of high cholesterol-high fat diet (12w) or after 12 weeks of high fat-high cholesterol diet 
followed by 6 weeks of western-type diet (18w) with or without AMP-DNM treatment at the indicated doses 
(original magnification x 10). (C) Triglycerides content and (D) cholesterol content in liver of animals for the 
indicated groups. *p<0.05; **p<0.01. 
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AMP-DNM from the start of the diet reduces liver triglyceride content  [27]. To 
study the ability of AMP-DNM to also correct hepatic manifestations of the met-
abolic syndrome, LDLR(-/-) mice were kept on a western-type diet for 12 weeks 
to induce NASH. Next, the diet was continued for 6 weeks in the presence or 
absence of AMP-DNM in the diet. Our study demonstrates that AMP-DNM treat-
ment is not only able to prevent liver steatosis, but is also able to significantly 
correct pre-existing NASH. AMP-DNM treated mice showed less liver steatosis 
and inflammation with a liver phenotype closely resembling that of matched 
LDLR(-/-) mice fed a standard chow diet. In APOE*3 Leiden mice, another hyper-
lipidemic model sensitive to hepatic steatosis, AMP-DNM treatment corrected 
liver accumulation of fat and reduced inflammation in a similar fashion to what 
was observed with LDLR(-/-) mice. In this experiment set-up, animals were first 
fed with a high-fat high cholesterol diet (1% cholesterol, 15% fat) for 12 weeks 
and fed for 6 following weeks a western-type diet (0.25% cholesterol, 15% fat) 
supplemented with either 0, 50 or 100 mg AMP-DNM. It has to be noted that 
the decrease in cholesterol in the diet tends by itself to decrease liver lipids in 
the control animals (table S3) whereas we observed a poor effect of the reduc-
tion of lipids in the diet on plasma cholesterol and triglycerides. The AMP-DNM 
treatment induced a significant and prominent decrease of these parameters in 
both compartment.
The underlying mechanism by which AMP-DNM treatment is able to correct 
NASH manifestation is intriguing. In the LDLR(-/-) mice the most prominent gan-
glioside in liver is GM2-glycol, rather than GM3. AMP-DNM treatment led to 
a major reduction in GM2-glycol, accompany the correction of liver steatosis. 
It may be speculated that GM2-glycol, rather than GM3, causes insulin resis-
tance in the LDLR(-/-) mice liver. Hyperinsulinemia has been proposed to pro-
mote liver steatosis [23] and hyperinsulinemic patients with NASH treated with 
insulin-sensitizing agents show improvements of liver steatosis [28]. It is well 
known that inhibitors of GlcCer synthase like AMP-DNM and Genz-123346 are 
also able to improve insulin sensitivity in various rodent models by virtue of low-
ering glycosphingolipids [16, 17]. LDLR(-/-) mice treated with AMP-DNM in this 
study showed an improvement of the HOMA index and a concomitant decrease 
of hepatic lipogenesis and increased beta-oxidation. Recent experiments with 
ob/ob mice also revealed that AMP-DNM causes major changes in hepatic lipid 
metabolism. The rates of fatty acid beta-oxidation and glucose oxidation were 
determined using metabolic cages, revealing that shortly after exposure to AMP-
DNM, fat oxidation was nearly doubled (0.07 to 0.16 kcal.h-1 in the nocturnal 
period and 0.10 to 0.19 kcal.h-1 in the diurnal period). On the opposite, carbo-
hydrate oxidation was markedly reduced by AMP-DNM treatment (0.43 to 0.28 
kcal.h-1 in the nocturnal period and 0.34 to 0.20 kcal.h-1 in the diurnal period 
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[29]. Other researchers have also reported beneficial effect of iminosugars on 
hepatic fatty acid oxidation. Similar to our findings with AMP-DNM, Tsuduki et 
al reported that intake of 1-deoxynojirimycin promotes hepatic beta-oxidation 
and suppresses lipid accumulation in rat liver [30]. Kobayashi and co-worker re-
ported similar effects induced by mulberry extracts known to be rich in simple 
iminosugars [31]. It is likely that these metabolic changes, following improved 
insulin sensitivity, contribute to the lowering of triglycerides in hepatocytes and 
the correction of steatosis observed in LDLR(-/-) and APOE*3 Leiden mice (figure 
S1 and S2). 
Of note, lowering of glycosphingolipids by specific genetic knock-down of GlcCer 
synthase in hepatocytes does not reduce liver triglycerides in mice exposed to 
a high fat diet [32]. It seems unlikely that the insulin-sensitizing effect of AMP-
DNM alone explains the observed effects on hepatic inflammation and fibrosis. 
Presumably the earlier described anti-inflammatory actions of AMP-DNM play a 
key role as well [12,33].
In the past years, several studies showed that ER stress response plays an impor-
tant role in lipid metabolism and is linked to fatty liver disease [34-36]. The role 
of glycosphingolipids in ER stress response has not been extensively studied yet. 
A recent study on pancreatic MIN6 β-cell has revealed that ER stress is associ-
ated with increased GlcCer and that it is ameliorated by transfection of cells with 
glucosylceramide synthase [37]. Ceramide concentration is not changed. In our 
previous study on AMP-DNM treatment of ob/ob mice, microarray data for liver 
did not reveal any significant changes in expression of proteins involved in path-
ways associated with ER stress [9]. It nevertheless remains of interest to study in 
more detail the possible role of (glyco)sphingolipids in ER stress responses and 
related effects on lipid homeostasis. 
Liver natural killer T (NKT) cells are thought to be able to ameliorate steatosis 
and NKT cells numbers are reduced in steatotic livers of human subjects and 
ob/ob mice [38,39]. We anticipated that AMP-DNM treatment might modulate 
the hepatic NKT cell population. Non-parenchymal cells were therefore isolated 
from livers of treated animals and screened for NKT markers by flow cytometry 
(fig S3A; supplemental material and methods S1). The percentage of hepatic 
NKT cells upon AMP-DNM treatment did not change, suggesting that this cell 
population was not causing the observed correction of NASH. CD4+ - and CD8+ 
T-cell populations were also unaffected by AMP-DNM (fig. S3B). 
AMP-DNM exerts a positive effect on cholesterol homeostasis by promoting bili-
ary sterol secretion and fecal excretion [27]. Increased hepatic free cholesterol in 
obese, diabetic mice is a known critical factor in the development of nonalcoholic 
steatohepatitis [40,41]. Of interest, AMP-DNM treatment at the highest dose of 
100 mg. kg bw-1. day-1 led to a significant decrease in free cholesterol content of 
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liver of the LDLR(-/-) mice. We also observed a strong dose-dependent reduction 
of plasma cholesterol in LDLR(-/-) animals treated with AMP-DNM. All this was 
accompanied by reduction of F4/80 positive cells in the liver (fig S3C). AMP-DNM 
treatment clearly decreased (macrophage) inflammation in the liver. The posi-
tive effects on cholesterol homeostasis exerted by AMP-DNM may contribute 
to the reversal in hepatosteatosis. High cholesterol in the western-type diet is 
detrimental since it drives inflammation due to uptake of modified cholesterol-
rich lipoproteins by Kuppfer cells [42]. We therefore would like to propose that 
AMP-DNM, by improving cholesterol homeostasis, causes a beneficial reduction 
of Kuppfer cell activation. 
In conclusion, our study shows clearly that drug treatment is sufficient to swiftly 
correct the liver manifestations of NASH in two different animal models with im-
proved insulin sensitivity, promotion of fatty acid beta-oxidation and reduction 
of inflammation.  
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Supplemental Informations

Supplemental Materials And Methods

FACS analysis of leukocytes
Cell suspensions from livers were obtained by passing the organs through a 70 
µM cell strainer (BD Biosciences, Erembodegem, Belgium) and centrifuged 50 g, 
1 min without break. Supernatants containing non-parenchymal cells were col-
lected and leucocytes were isolated under gradient centrifugation with lympho-
lyte® H according to the manufacturer’s protocol (Cedarlane, Ontario, Canada). 
Cells were stained with surface markers (0.20 µg antibody/300000 cells) and 
subsequently analyzed by flow cytometric analysis. FACs antibodies were from 
eBiosciences (Immunosource, Halle-Zoersel, Belgium). All data were acquired on 
a FACscalibur and analyzed with CELLQuest software (BD Biosciences, Breda, the 
Netherlands).

List of primers used for real time PCR

forward reverse

SREBP-1 GACCTGGTGGTGGGCACTGA AAGCGGATGTAGTCGATGGC

SCD1 TACTACAAGCCCGGCCTCC CAGCAGTACCAGGGCACCA

FAS CGAACCTGGCTGCCTACTAC GAGCCGTCAAACAGGAAGAG

PDK4 GGGGGTGAACTGGTAGATTT GCACCTTAGCTCTAGGTCA

Glucose-6-phosphatase CCTCCTCAGCCTATGTCTGC AACATCGGAGTGACCTTTGG

CPT1a CATGTCAAGCCAGACGAAGA TGGTAGGAGAGCAGCACCTT

PGC1a GGATGAATACCGCAAAGAGC ACGGTGCATTCCTCAATTTC

LCAD TCTTTGAAGATGTCCGATTGC GCAACTGTTTTCCCAAAAGC

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

CCL2 AGGTCCCTGTCATGCTTCTGG CTGCTGCTGGTGATCCTCTTG

CD11c CTGGATAGCCTTTCTTCTGCTG GCACACTGTGTCCGAACTC

GPNMB CAGGAATGATTTGGGACTGACC CCGGGAACCTGAGATGCTG

SMA CCCCCTCTAGTGGTCAGGA TACGCTCTCAAATACCCCGT

Col1α TCACCTACAGCACCCTTGTG GGTGGAGGGAGTTTACACGA

TGFβ TTGCTTCAGCTCCACAGAGA TGGTTGTAGAGGGCAAGGAC
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Supplemental table S1. Effect of AMP-DNM treatment on bodyweight and food intake in LDLR(-/-) mice fed 
a western-type diet for 18 weeks, receiving in the last 6 weeks either 0, 50 or 100 mg AMP-DNM. Data are 
expressed as mean ± SEM, n=10 for bodyweight. Food intake based on the amount of food left in each cage 
of treatment (2 to 3 cages per treatment) at the end of each dosing week. ***p<0.001, statistical significance 
determined between baseline 12w and others groups with Dunnett’s comparison test. 

12w (baseline) CTRL 50mg 100mg

Bodyweight (g)

12w 22.3±0.5 21.8±0.4 21.5±0.2 21.4±0.4

18w xxx 21.9±0.2 21.9±0.1 20.1±0.2***

Food intake (g/24h/100g bodyweight)

12w 11.3 11.5±1.5 11.9±0.9 9.7

18w xxx 12.7±2.6 15.4±3.2 9.9

Supplemental table S2. Effect of AMP-DNM treatment on bodyweight and food intake in APOE*3 Leiden 
mice fed a high cholesterol-high fat diet (1% cholesterol, 15% fat) for 12 weeks and fed for 6 following weeks 
a western-type diet (0.25% cholesterol, 15% fat) supplemented with either 0, 50 or 100 mg AMP-DNM. 
Data are expressed as mean ± SEM, n=5 for bodyweight. Food intake based on the amount of food left in 
each cage of treatment (2 to 3 cages per treatment) at the end of each dosing week. *p<0.05, statistical 
significance determined between baseline 12w and others groups and treated groups with Dunnett’s 
comparison test.

12w (baseline) CTRL 50mg 100mg

Bodyweight (g)  

12w 23.6±0.9 23.5±0.5 23.8±0.5 25.1±0.6

18w xxx 25.5±0.7 23.0±0.4* 22.9±0.5*

Food intake (g/24h/100g bodyweight)

12w 11.1±0.5 10.1±0.9 10.2±0.4 9.4

18w xxx 9.3±0.4 11.7±0.6 11.5
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Supplemental figure S1. Genes expression in livers of APOE*3 Leiden mice fed a high cholesterol-high fat diet 
(1% cholesterol, 15% fat) for 12 weeks and fed for 6 more weeks a western-type diet (0.25% cholesterol, 15% 
fat) supplemented with either 0, 50 or 100 mg AMP-DNM. Expression levels normalized to Acidic ribosomal 
phosphoprotein (36B4). Data are expressed as mean ± SEM, n=5. Statistical significance determined between 
baseline 12w and other groups with Dunnett’s comparison test. *p<0.05, **p<0.01, p<0.001
Supplemental table S4. Liver glycosphingolipids concentrations in APOE*3 Leiden mice fed a high cholesterol-
high fat diet (1% cholesterol, 15% fat) for 12 weeks and fed for 6 more weeks a western-type diet (0.25% 
cholesterol, 15% fat) supplemented with either 0, 50 or 100 mg AMP-DNM. Data are expressed as mean ± SEM, 
n=5. *p<0.05; ***p<0.001, statistical significance between baseline 12w and others groups and treated groups 
with Dunnett’s comparison test.
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Supplemental table S4. Liver glycosphingolipids concentrations in APOE*3 Leiden mice fed a high 
cholesterol-high fat diet (1% cholesterol, 15% fat) for 12 weeks and fed for 6 more weeks a western-type diet 
(0.25% cholesterol, 15% fat) supplemented with either 0, 50 or 100 mg AMP-DNM. Data are expressed as 
mean ± SEM, n=5. *p<0.05; ***p<0.001, statistical significance between baseline 12w and others groups and 
treated groups with Dunnett’s comparison test.

12w CTRL 50mg 100mg

glccer (nmol/g liver) 133.4±5.5 136.0±5.5 73.6±6.0*** 72.9±5.8***

cer (nmol/g liver) 429.5±18.3 470.3±25.5 472.7±38.9* 489.6±14.4***

Supplemental figure S2. Effect of AMP-DNM treatment on insulin sensitivity in APOE*3 Leiden mice fed a 
high cholesterol-high fat diet (1% cholesterol, 15% fat) for 12 weeks and fed for 6 more weeks a western-type 
diet (0.25% cholesterol, 15% fat) supplemented with either 0, 50 or 100 mg AMP-DNM. Data are expressed 
as mean ± SEM, n=5. Statistical significance determined between baseline 12w and other groups with 
Dunnett’s comparison test. *p<0.05, **p<0.01, p<0.001

Supplemental table S3. Plasma lipids concentrations in APOE*3 Leiden mice fed a high cholesterol-high fat 
diet (1% cholesterol, 15% fat) for 12 weeks and fed for 6 more weeks a western-type diet (0.25% cholesterol, 
15% fat) supplemented with either 0, 50 or 100 mg AMP-DNM. Data are expressed as mean ± SEM, n=5. 
*p<0.05; **p<0.01; ***p<0.001, statistical significance between baseline 12w and others groups and treated 
groups with Dunnett’s comparison test.

12w CTRL 50mg 100mg

glccer (nmol/ml) 43.9±6.9 51.7±8.8 12.8±1.9** 3.6±0.2***

cer (nmol/ml) 19.9±3.3 25.2±4.0 11.3±0.8 3.0±0.2***

cholesterol (mmol/ml) 22.2±1.6 17.8±1.4 8.9±0.7*** 3.3±0.3***

triglycerides (mmol/ml) 3.8±0.2 3.3±0.2 1.6±0.3* 0.7±0.1***
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Supplemental figure S3. FACs 
analysis of leucocytes isolated 
from livers of LDLR(-/-) mice 
fed a western-type diet for 
18 weeks, receiving in the 
last 6 weeks either 0, 50 or 
100 mg AMP-DNM. (A) CD3 
positive cells and natural killer 
T (NKT) cells (NK1.1 and CD3 
double positive cells). (B) CD4 
and CD8 positive cells. (C) 
F4/80 positive cells. Data are 
expressed as mean ± SEM, 
n = 4. Statistical significance 
between control and treated 
groups was determined by 
Dunnett’s comparison test 
**p<0.01; *p<0.05.
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Abstract

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

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

1.1. Insulin and glucose homeostasis.
The hormone insulin fulfils a vital role in the regulation of glucose homeosta-
sis. Increased concentrations of circulating glucose following a meal or drink are 
counteracted by release of insulin by pancreatic beta-cells. Binding of insulin to 
the insulin receptor (IR) results in various cell types in increased glucose uptake 
by the GLUT4 transporter. In addition, insulin signalling in hepatocytes results in 
reduced gluconeogenesis and increased formation of glycogen. All these insulin-
driven responses contribute to the desired swift normalization of the plasma 
glucose concentration [1]. 
The insulin receptor (IR) is a heterodimer consisting of two alpha- and two be-
ta-subunits [1]. Binding of insulin to the extracellular alpha-subunits induces 
a conformational change, resulting in autophosphorylation of particular tyro-
sine residues in the intracellular beta-subunits. Recruitment of insulin receptor 
substrates 1 and 2 (IRS-1 and IRS-2) to the phosphorylated IR results in their 
phosphorylation, which allows binding and activation of class I phosphoinosit-
ide-3-kinase (PI3 kinase). Activated PI3 kinase produces phosphatidylinositol 
(3,4,5)-triphosphate (PIP3), serving as a binding site for proteins containing 
pleckstrin homology (PH) domains. The PH domain containing serine/threonine 
kinases PKB and phosphatidylinositol-3-phosphate dependent kinase 1 (PDK1) 
are brought into close proximity with each other by their interactions with PIP3. 
Additionally, PIP3 helps to activate PKB, by inducing conformational changes 
that expose two regulatory phosphorylation sites. First, the mammalian target 
of rapamycin (mTOR)-RICTOR protein complex phosphorylates the exposed reg-
ulatory serine (S473) in the C-terminus of PKB. Next, PDK1 phosphorylates the 
regulatory threonine residue (T307) of PKB that is requisite for enzyme activity 
[2-4]. All these early signalling steps take place at the plasma membrane. Activa-
tion of PKB allows its relocalization to the cytosol. Part of the activated PKB en-
ters the nucleus were it affects transcription of several target genes. The precise 
pathway from PI3 kinase/PKB to GLUT4 translocation is still not known [5]. PKB 
substrates are glycogen synthase kinase 3 or GSK3 [6], the transcription factor 
FoxO [7, 8], the Rheb GAP TSC2 [9] the phosphodiesterase PDE3b [10], and the 
RabGAP TBC1D4/AS160 [11]. Only TBC1D4 is shown to play an important role in 
insulin-stimulated GLUT4 translocation. It has recently been argued by Hoehn 
and co-workers that defects in upstream elements of the insulin cascade, like 
IR and IRS proteins, are actually an unlikely cause for insulin resistance [5]. This 
statement sharply contrasts with the existing dogma. The revolutionary view by 
Hoehn and colleagues is based on their finding in various models of insulin resis-
tance of discordance between upstream insulin signalling and GLUT4 transloca-



                        CHAPTER IX

169

tion, most strikingly in palmitate treated L6 myotubes and high fat fed mice [5]. 
They conclude from these findings that while defects in IRS/PI3 kinase/PKB may 
occur in insulin resistance it is unlikely that such defects contribute to its early 
development. They further raise the possibility that upstream signalling defects 
are either corollary or a consequence rather than a cause of insulin resistance 
possibly exacerbating the insulin resistance state once it has become established 
and promoting progression to metabolic disease. The apparent present lack of 
insight in the precise role of the PI3 kinase/PKB pathway in GLUT4 translocation 
warrants further investigation. Of note, an additional, PI3 kinase independent, 
pathway for insulin-stimulated GLUT-4 translocation involving the APS–CAP–Cbl 
protein complex has been postulated [12]. In this pathway, the APS–CAP–Cbl 
protein complex activates the small GTPase TC10, which in turn signals the cyto-
skeleton to promote GLUT-4 cell surface recruitment [12]. 
It should also be  noted that in addition to the activation of the PI3-kinase/PKB 
and GTPase TC10 pathways, binding of insulin to IR induces a distinct signalling 
pathway via Growth factor binding protein 2 (Grb2)/Son of sevenless (Sos) and 
Ras, leading to activation of the mitogen activated protein kinase (MAPK) iso-
forms extracellular signal-regulated kinases (ERK)1 and ERK2. The MAPK cascade 
is not involved in insulin-stimulated glucose transport or glycogen synthesis but 
may relate to regulation of cell survival and proliferation [13]. Insulin, together 
with other stimuli, is also involved in (PI3 kinase dependent) regulation of au-
tophagy [14, 15]. 

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

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

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

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

2. Glycosphingolipids.

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

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

 

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

3. (Glyco)sphingolipids and insulin resistance

3.1. A role for ceramide.
Ceramide functions as a mediator in signalling cascades that regulate apoptosis, 
differentiation and cell cycle arrest [97]. The seminal work by Unger identified 
the sphingolipid ceramide as candidate lipotoxic agent in obesity-induced insulin 
resistance [98]. The role of ceramide in insulin resistance will only be dealt with 
briefly, for detailed reviews the reader is referred to Summers and co-workers 
[99-101]. Briefly, many of the circulating factors associated with obesity (e.g. 
inflammatory cytokines, saturated fatty acids, glucocorticoids, etc.) are known 
to stimulate sphingolipid formation [33]. Ceramide has been shown in cellular 
models to inhibit insulin signalling. Exposing cultured myotubes to high doses 
of the free fatty acid (FFA) palmitate increases de novo ceramide synthesis, fol-
lowed by inhibition of PKB phosphorylation [102-104], glucose uptake [105] 
and glycogen synthesis [106]. Overexpression of acid ceramidase in these cells 
reverses FFA-induced ceramide accumulation and improves insulin signalling 
[107]. Addition of short-chain ceramide analogues to cultured 3T3-adipocytes 
was found to inhibit insulin signalling and action [108-111]. Ceramide does not 
interfere at the level of IR or IRS-1 phosphorylation, but impairs insulin signal-
ling by inhibition of PKB activation [112]. The inhibition of PKB by ceramide is 
thought to be accomplished by two mechanisms. Ceramide blocks the translo-
cation of PKB to the plasma membrane and activates PP2A, which impairs PKB 
activity by removing activating phosphates [111]. Several studies have investi-
gated the concentrations of ceramide in plasma and tissues of animal models of 
obesity-induced insulin resistance and type II diabetes [100, 113, 114]. Inconsis-
tent observations were reported (for a review see ref.115). For example, Lee and 
co-workers reported that male rats on a diet rich in saturated fatty acids devel-
oped insulin resistance with an increase in muscle diacylglycerol concentration, 
but without significant changes in muscle ceramide content [116]. In another 
recent study no significant abnormalities in skeletal muscle ceramide content 
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of insulin-resistant Zucker Diabetic Fatty (ZDF) rats were noted [117]. Recently, 
studies were conducted in humans on the possible role of ceramide in obesity 
and FFA induced insulin resistance. Two investigations reported an association 
between insulin resistance and elevated levels of ceramide in skeletal muscle 
[118,119]. A more recent study by Skovbro et al. showed no increase in muscle 
ceramide content in insulin-resistant and type II diabetic individuals compared 
to insulin sensitive individuals [120]. Infusion of lipid emulsion (Intralipid, an 
emulsion of soy bean oil and egg phospholipids), known to decrease peripheral 
insulin sensitivity, was found to increase muscle ceramide content in one study 
[121], but not in another investigation [122]. Of note, we noted ourselves that 
some batches of Intralipid contain very large amounts of ceramide, probably 
as breakdown product of sphingomyelin. It should be noted that the literature 
data on ceramide concentrations are difficult to interpret: (i), a variety of ana-
lytic methods has been used, and (ii) information on ceramide levels of specific 
cellular membranes are presently lacking. It may be conceived that relevant dif-
ferences in ceramide concentrations have been overlooked, or vice versa that 
noted differences in the lipid reflect irrelevant pools.
Consistent with a role of ceramide in insulin resistance are findings made in cell 
and animal models. For example, inhibition of ceramide formation by myriocin 
has been found to be improve insulin sensitivity in both muscle and the liver 
of obese rodents as assessed with hyperinsulinemic–euglycemic clamps [114]. 
Mouse models with an impairment in biosynthetic enzymes render a similar pic-
ture [33]. Mice that are haploinsufficient for DES1 are refractory to dexameth-
asone-induced insulin resistance. Moreover, muscles isolated from these mice 
remain insulin sensitive, even in a profoundly hyperlipidemic environment. Con-
sistently, the small molecule fenretinide, a potent inhibitor of DES1, improves 
insulin sensitivity in mice fed a high fat diet. Haploinsufficiency for a key subunit 
of SPT has also been reported to prevent features of metabolic disease [123].
Whilst these findings clearly point to some important role of sphingolipids in 
insulin resistance, they do not pinpoint one specific lipid species. It should be 
kept in mind that disruption of ceramide metabolism also impacts metabolites 
thereof such as sphingomyelin, ceramide-1-phosphate and glycosphingolipids. 
3.2. Lipid microdomains, glycosphingolipids and the insulin receptor.
The insulin receptor is localized at the cell surface in glycosphingolipid-containing 
lipid microdomains. The interaction of gangliosides with the insulin receptor was 
originally described by Nojiri et al. [124], who demonstrated the ganglioside-
mediated inhibition of the insulin-dependent cell growth of leukemic cell lines. 
Tagami et al. were the first to demonstrate that the addition of GM3 ganglio-
side to cultured adipocytes suppresses phosphorylation of the insulin receptor 
and its downstream substrate IRS-1, thereby resulting in reduced glucose uptake 
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[125]. Inokuchi and co-workers reported that exposure of cultured adipocytes 
to TNF-alpha increases GM3 and inhibits IR and IRS-1 phosphorylation. This was 
found to be counteracted by PDMP, an inhibitor of glycosphingolipid biosynthe-
sis [126]. Mutant mice lacking GM3 have been reported to show an enhanced 
phosphorylation of the insulin receptor of skeletal muscle after ligand binding, 
and to be protected from high fat diet induced insulin resistance [127]. Consis-
tent with this is the recent report on increased insulin sensitivity and glucose 
tolerance in mice with increased expression of the GM3-degrading sialidase 
Neu3 [128]. In contrast, GM3 levels are elevated in the muscle of certain obese, 
insulin-resistant mouse and rat models [117]. Altered sphingolipid metabolism, 
as reflected by increased glycosphingolipid levels, has recently also been docu-
mented in relation to neuronal pathology in diabetic retinopathy [129]. More 
recently, Kabayami et al. provided evidence that the interaction of GM3 with the 
insulin receptor is mediated by a specific lysine residue located just above the 
transmembrane domain of the receptor, and that excess levels of GM3 promote 
dissociation of the insulin receptor from caveolae, a location which is essential 
for transduction of the insulin signal (Figure 2) [130]. 
It should be noted that the recent data on interaction of glycosphingolipids like 
GM3 with upstream elements of the signalling pathway can be poorly reconciled 
with the view of some researchers that defects in upstream elements of the in-
sulin cascade, like IR and IRS proteins, are an unlikely cause for insulin resistance 
(section 1.1). 

 

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

4. Pharmacological modulation of glycosphingolipids and insulin 
resistance.

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

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

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

AMP-DNM and atherosclerosis

In the last years, information has become available linking excessive glycosphin-
golipids (GSLs) with various symptoms of the metabolic syndrome, in particular 
insulin resistance. Firstly, mice deficient in GM3 synthase, an enzyme involved 
in the biosynthesis of the ganglioside GM3, are protected against diet-induced 
insulin resistance (Yamashita, 2003). In addition, several studies showed that the 
pharmacological lowering of excessive glycosphingolipids in rodent models for 
type-2 diabetes has a beneficial effect on insulin sensitivity. Most of these studies 
have been conducted with the iminosugar AMP-DNM (N-(5’-adamantane-1’-yl-
methoxy)-pentyl-1-deoxynoijirimycin), a well-tolerated inhibitor of the enzyme 
glucosylceramide synthase (GCS) catalyzing the initial step in glycosphingolipid 
biosynthesis. AMP-DNM treatment was shown to not only improve glucose ho-
meostasis (Aerts, 2007), but also to reduce chronic inflammation (Shen, 2004; 
Van Eijk, 2009), prevent hepatosteatosis (Bijl, 2009), improve satiety (Langeveld, 
2012) and prevent pancreatic beta-cell loss (Aerts, 2007). All these metabolic 
derangements are components of the metabolic syndrome. The primary aim of 
this thesis was to evaluate whether treatment of mice with AMP-DNM can ben-
eficially affect atherosclerosis,   a pathology commonly developing in time in 
individuals with metabolic syndrome. In the different studies presented in this 
thesis we used as models for atherosclerosis APOE*3 Leiden and LDLR(-/-) mice. 
Mice were fed diets high in cholesterol and fatty acids for several weeks in order 
to induce hyperlipidemia and atherosclerosis. To study the effect of AMP-DNM, 
animals were fed diets containing the iminosugar at concentrations causing a 
partial inhibition of glycosphingolipid synthesis in tissues. 
In chapter II, we describe that AMP-DNM treatment prevents lesion forma-
tion. When mice were fed diets containing sufficient AMP-DNM almost no 
plaques were formed. The anti-atherogenic effect of AMP-DNM was seen both 
in APOE*3 Leiden and LDLR(-/-). The protective effect was accompanied by ab-
sence of hypercholesterolemia despite a high fat/cholesterol diet. AMP-DNM 
treatment successfully kept plasma cholesterol levels low by stimulating bile for-
mation and secretion, and increasing cholesterol output into the feces. The lipo-
protein profile of the mice receiving AMP-DNM resembled the one of animals 
on normal chow diet, being low in atherogenic APOB-containing lipoproteins. 
Moreover, AMP-DNM treatment also decreased tumor necrosis factor-α (TNF-α) 
and monocyte-chemoattactrant protein-1 (MCP-1/CCL2) expression. This anti-
inflammatory action of AMP-DNM most likely also contributes to its strong anti-
atherogenic effect. 
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LDLR(-/-)and APOE*3 Leiden mice show a marked increase in plasma cholesterol 
as well as GSL in lipoproteins when fed a high cholesterol/fat diet. AMP-DNM 
treatment prevents the high plasma levels of both types of lipids by a reduc-
tion of lipoproteins, in particular VLDL/LDL. The exact mechanism(s) by which 
AMP-DNM accomplishes such reductions in lipoproteins is not yet elucidated. 
To get some insight we compared the effect of treating LDLR(-/-) mice with ei-
ther AMP-DNM or its L-ido analogue (L-ido-AMP-DNM). Both compounds inhibit 
on a par GCS, and they are both potent inhibitors of GBA2, the non-lysosomal 
glucocerebrosidase (Boot, 2007). However, L-ido-AMP-DNM, in contrast to AMP-
DNM, does not inhibit GBA1, the lysosomal glucocerebrosidase that is deficient 
in Gaucher disease patients. Interestingly, AMP-DNM was found to reduce the 
concentration of plasma lipoproteins in LDLR(-/-) mice on a high cholesterol/
fat diet more than L-ido-AMP-DNM. AMP-DNM consequently prevents athero-
sclerosis stronger than L-ido-AMP-DNM. The main difference between the two 
iminosugars is the unique ability of AMP-DNM to stimulate bile production and 
secretion of biliary lipids. Increasing bile salt and biliary cholesterol excretion 
increases reverse cholesterol transport which inhibits atherosclerotic lesion 
formation (Bhat, 2003; Hageman, 2010). Of note, the anti-atherogenic effect of 
voluntary wheel running in mice was also found to be associated with increased 
bile flow and biliary bile salt and cholesterol secretion (chapter V). Interestingly, 
Gaucher patients show signs of increased biliary cholesterol excretion leading 
to a  high incidence of cholesterol-rich gall stones (Taddei, 2010). These patients 
also show an altered lipoprotein metabolism (Le, 1988) leading to low LDL and 
HDL cholesterol (Pocovi, 1998). Gaucher patients show no increased risk for ath-
erosclerosis and cardiovascular disease despite their low HDL levels (De Fost, 
2009). In these aspects Gaucher patients resemble the situation in AMP-DNM 
treated mice. Our experimental findings with the two iminosugars suggest, but 
do not proof, that the inhibition of GBA1 caused by AMP-DNM, but not its idose 
analogue, is essential for the observed stimulation of bile flow and thus adds 
to the anti-atherogenic effect of AMP-DNM. An indication that the lowering of 
plasma cholesterol by iminosugar treatment is key in prevention and/or regres-
sion of the atherosclerotic lesion was obtained in the conducted intervention 
study (chapter IV). Here, animals were first fed a high cholesterol diet for 12 
weeks and after lesion formation AMP-DNM treatment was started for 6 weeks. 
We observed that once the animals are already hypercholesterolemic and pres-
ent advanced lesions, AMP-DNM treatment was somewhat less efficient in gen-
erating low plasma cholesterol and it did not result in complete regression and 
or inhibition of further progression of atherosclerotic lesions. In hindsight, prior 
to the intervention with iminosugars mice had already developed very advanced 
lesions and the chosen duration of iminosugar treatment was relatively short. 
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We can presently not exclude that iminosugars treatment may lead to some 
reversion of less severe lesions. The levels of plasma cholesterol (in various li-
poproteins) are the most used parameter to predict the risk for atherosclero-
sis, both in rodents and in humans. In the search for different circulating mark-
ers of plaques, we investigated the plasma concentration of chitotriosidase, a 
macrophage-derived chitinase that is markedly increased in plasma of Gaucher 
disease patients (Hollak, 1994) (chapter VI). It has been earlier described that 
chitotriosidase is expressed in macrophages in atherosclerotic lesions in man 
(Boot, 1999) and there are reports suggesting that plasma chitotriosidase levels 
correlate with atherosclerosis (Artieda, 2007). In our investigation on chitotrio-
sidase we used, besides APOE3*Leiden and LDLR(-/-) mice, also APOE(-/-) mice, 
another established model for atherosclerosis. We detected that chitotriosidase 
is expressed by macrophages in atherosclerotic lesions in the aortic sinus of all 
mouse models. The plasma levels in atherosclerotic mice were higher than in 
wild-type animals. However, we also noted that plasma chitotriosidase activity 
did not always correlate well with the degree of atherosclerosis at the aortic 
sinus. Differences were found between models and pharmacological manipu-
lations applied. For example, we observed a nice positive correlation between 
plasma chitotriosidase activity and lesion area in APOE3* Leiden mice. APOE(-
/-) mice showed higher chitotriosidase levels than wild-type animals, and the 
enzyme levels were higher when animals were switched from a normal chow 
to a western type diet. However, when the animals where treated with angio-
tensin II, a peptide able to promote atherosclerosis, chitotriosidase levels were 
reduced, sharply contrasting with lesion size at the aortic sinus. In the case of 
LDLR(-/-) mice plasma chitotriosidase levels were again higher than in normal 
animals, but no strict correlations were noted between lesions at the aortic si-
nus and enzyme levels. There may be several reasons for the observed lack in 
correlation between plasma chitotriosidase activity and observed lesion size at 
the aortic sinus in various mouse models. First of all, it has to be considered that 
the chitotriosidase assay does not reflect exclusively chitotriosidase but also 
the other chitinase AMCase activity. This chitinase, virtually absent in human 
plasma, is rather abundant in mouse plasma and its activity could have masked 
possible chitotriosidase activity changes. Moreover, significant differences exist 
in the promotor region of the chitotriosidase gene in mouse and man (Boot, 
2005). Additionally, in mice chitotriosidase is rapidly cleared from the circulation 
(van Eijk, 2005). These differences may explain why other researchers observed 
a strong association between plasma chitotriosidase and atherosclerosis in man, 
but we did not so in our investigation of mice. 
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AMP-DNM and body cholesterol homeostasis

AMP-DNM treatment positively influences the total body cholesterol homeo-
stasis in mice. By studying the different steps of cholesterol homeostasis, we 
tried to determine how AMP-DNM causes its beneficial effects. We first ana-
lyzed whether AMP-DNM is able to reduce cholesterol absorption by the intes-
tine. Ezetimibe, a hydrophobic small compound, is a well-documented inhibitor 
of cholesterol absorption by binding to the transporter NPC1L1. To determine 
whether AMP-DNM exerts an ezetimibe-like effect, we used the fecal dual-iso-
tope ratio method to determine the rate of cholesterol absorption in APOE*3 
Leiden mice (chapter II). No effect on intestinal cholesterol uptake was found 
with this method.  Expression of genes involved in cholesterol absorption in the 
intestine, like NPC1L1, ABCG5/G8, SR-BI, ABCA1 was not modified by AMP-DNM 
treatment (chapter II). All these data suggest that AMP-DNM is not inhibiting 
cholesterol absorption in the intestine. A similar conclusion was drawn from the 
study described in chapter VII. In C57Bl/6 mice the treatment with AMP-DNM 
and Ezetimibe resulted in additive effects regarding fecal neutral sterol excre-
tion. A two-fold higher fecal neutral sterol loss was observed in animals receiv-
ing both compounds compared to that in mice treated with only one of the two 
compounds. 
Within the laboratory various studies were conducted to study the effect of 
AMP-DNM on different steps of cholesterol homeostasis. It was found that AMP-
DNM does not influence chylomicron formation and clearance, does not influ-
ence LPL activity and maturation of VLDL to LDL (Bietrix et al. unpublished data). 
Moreover, no indications were obtained for an effect of AMP-DNM on in vitro 
HDL-mediated efflux of cholesterol from cultured cells. Interestingly, VLDL pro-
duction was reduced in APOE*3 Leiden mice treated with AMP-DNM.
In mice treated with AMP-DNM, expression of various genes involved in cho-
lesterol synthesis are up-regulated in the liver, particularly SREBP2 and its main 
target gene HMGCoA reductase (chapter II). Clearly, the animals loose choles-
terol upon AMP-DNM treatment and this is compensated (in part) by increased 
hepatic cholesterol synthesis. We discovered two different pathways by which 
AMP-DNM induces loss of cholesterol: an increase of biliary cholesterol secre-
tion and a concomitant increase of trans-intestinal cholesterol excretion.  
AMP-DNM clearly stimulates bile flow and biliary cholesterol excretion (chap-
ters II, III and Bijl, 2009). This phenomenon was observed in normal C57Bl/6 
mice (Bijl, 2009) as well as APOE*3 Leiden and LDLR(-/-) mice (this thesis). It is 
of interest to speculate about the cause for this phenomenon. Since bile salt 
formation is considered to be the driving force for bile cholesterol secretion, 
increased bile salt production could explain the phenomenon. However, we 
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were unable to demonstrate increased bile salt production in AMP-DNM treated 
mice, where fecal bile salt loss is actually slightly reduced (Bietrix, unpublished 
data). There must be another mechanism triggered by AMP-DNM that promotes 
biliary cholesterol excretion. In this connection it is relevant to keep in mind our 
finding that L-ido-AMP-DNM does not promote biliary cholesterol excretion like 
AMP-DNM, suggesting some role for lysosomal glucocerebrosidase GBA1 (see 
above). It might be speculated that failure of lysosomal glucosylceramide deg-
radation somehow triggers hepatocytes to preferentially re-direct cholesterol 
to and across the apical membrane, rather than the regular incorporation into 
VLDL. In this respect, the recent findings on the relation between cholesterol 
metabolism and sortilin-1 (SORT1), parallel our findings with AMP-DNM. SORT1 
is a protein involved in sorting and binding ligands both in the Golgi apparatus 
and at the plasma membrane and traffics them to the lysosome. Genome-wide 
association studies have identified a genetic variant in the SORT1 gene associ-
ated with reduced risk of myocardial infarction, reduced plasma levels of LDL 
cholesterol, and increased expression of SORT1 in liver (Teslovich, 2010; Kathire-
san, 2009). In mice, increased hepatic expression of SORT1, is associated with 
both reduced hepatic APOB production and increased lysosomal LDL catabolism, 
consistent with SORT1’s role as a lysosomal trafficking protein (Strong, 2012). In 
mice treated with AMP-DNM hepatic gene expression of SORT1 was found up-
regulated (manuscript in preparation).

The other pathway resulting in loss of cholesterol that is stimulated by AMP-
DNM is the so-called trans-intestinal cholesterol excretion (TICE), the alternative 
cholesterol secretion route which takes place at the intestinal level (van der Vel-
de, 2008). In the intestine of C57Bl/6 mice treated with AMP-DNM, an increased 
TICE was demonstrable (chapter VII). Two genes had emerged as potential fac-
tors associated with TICE. These genes encode for the proteins Scarb2 (also 
referred as lysosomal integral membrane protein 2 (LIMP2)) and Rab9 (Vrins, 
2009). Intriguingly, LIMP2 is the intracellular transporter of GBA1 (Reczek, 2007). 
Whether this is sheer coincidence or points to some mechanistic link between 
TICE and glucosylceramide metabolism is unclear at the moment. Of interest, 
the expression of LIMP2, and Rab9, in the intestine seems to be unaffected by 
AMP-DNM treatment that concomitantly increases TICE. Apparently, AMP-DNM 
activates TICE via different mechanisms. Clearly follow-up investigations are re-
quired to elucidate the possible role of glycosphingolipids in TICE.
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AMP-DNM, steatohepatitis and glucose homeostasis

Atherosclerosis is the cardiovascular manifestation of the metabolic syndrome 
whereas non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of 
the same syndrome (Kim and Younossi, 2008). NAFLD is characterised by fat ac-
cumulation and can progress to non-alcoholic steatohepatitis (NASH) associated 
with severe inflammation and different degrees of fibrosis. In a previous study, 
treatment with AMP-DNM of ob/ob mice clearly improved hepatic insulin sen-
sitivity and prevented NAFLD by down regulation of hepatic fatty acid synthesis 
and inflammation (Bijl, 2009). In this thesis we tested the ability of AMP-DNM to 
correct liver steatosis and even non-alcoholic-steatohepatitis (NASH) when it al-
ready had developed in LDLR(-/-) mice (chapter VIII). After 6 weeks of AMP-DNM 
treatment, despite the maintenance of the animals on a high fat-high choles-
terol diet, the inflammatory and fibrotic status of the liver were profoundly im-
proved indicating a clear beneficial effect of AMP-DNM on NASH (chapter VIII).  
Mice treated with AMP-DNM showed an improvement of the HOMA index and 
a concomitant decrease of hepatic lipogenesis and increased beta-oxidation. 
These effects on lipid homeostasis were earlier observed in ob/ob mice treated 
with AMP-DNM (Langeveld, 2012). Also other iminosugars inhibiting GCS have 
been reported to stimulate fatty acid oxidation (Tsuduki, 2009; Kobayashi, 2010). 
An entirely different class GCS inhibitors, ceramide analogues like GENZ-123346, 
have also been found to prevent hepatosteatosis (Zhao, 2009). This study proved 
for the first time that AMP-DNM treatment not only prevents fat accumulation 
in the liver, but also significantly corrects pre-existing NASH, without interven-
tion on the diet. In fact, treated mice showed an almost complete correction in 
steatotic and fibrotic status, presenting an hepatic phenotype similar to healthy 
control animals. These findings suggest an important potential therapeutic value 
of AMP-DNM for development in humans.

Conclusions and future perspectives

This thesis deals with the potent beneficial effects of the iminosugar AMP-DNM 
on cholesterol homeostasis, atherosclerosis, NASH and diabetes, all major fea-
tures of the metabolic syndrome. AMP-DNM is a potent inhibitor of the enzyme 
glucosylceramide synthase, and as such effectively reducing glycosphingolipid 
levels in the whole body.
In different mouse models and exposed to different diets and experimental con-
ditions, AMP-DNM treatment was consistently able to improve cholesterol and 
glucose homeostasis, to decrease lipogenesis and increase fat-oxidation. Consid-
ering all the pleiotropic effects of AMP-DNM, it has to be questioned whether its 
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ability to inhibit glucosylceramide synthase explains all of its beneficial actions. 
A study by Wennekes and colleagues comparing AMP-DNM with L-ido-AMP-
DNM, being equally potent GCS inhibitors, revealed that AMP-DNM had more 
potent beneficial effect on overall glucose homeostasis compared to its L-ido 
analogue. This was ascribed to the co-inhibition by AMP-DNM, but not L-ido-
AMP-DNM of carbohydrate assimilation from food. In this thesis we speculate 
that the stronger effect of AMP-DNM on cholesterol homeostasis and ultimately 
on atherosclerosis development could partly be explained by co-inhibition of 
GBA1 by AMP-DNM. Recently a highly specific irreversible inhibitor of GBA1 has 
been generated named MDW933 (Witte, 2011). Treatment of atherogenic/hy-
perlipidemic mice with MDW933 in the absence and presence of a specific GCS 
inhibitor would allow dissect the contributions of inhibition of both enzymes to 
the observed increased bile flow and reduction in VLDL secretion. 
From all the data collected during this thesis study, it seems that AMP-DNM ex-
erts is pleiotropic effects not via an unique target, but more likely the synergistic 
action of multiple targets. A complete elucidation of the mechanism of action 
of AMP-DNM will be required to fully exploit the therapeutic of this or other 
related hydrofobic iminosugars. 
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Summary

The studies presented in this thesis report on the effects of pharmacological 
modulation of glycosphingolipids on different manifestations of the metabolic 
syndrome.
In chapter I we provide the background information for this thesis. The Meta-
bolic syndrome is a constellation of metabolic deviations manifesting clinically as 
atherosclerosis, diabetes and non-alcoholic fatty liver disease. Atherosclerosis is 
the major cause for coronary artery disease and it represents a complex pathol-
ogy involving dysfunction in lipid metabolism and chronic inflammation. High 
cholesterol concentration in plasma is an important risk factor for atherosclero-
sis and the main current therapies target cholesterol synthesis and homeostasis.  
Glycosphingolipids (GSL) are a wide class of lipids mainly found in cellular mem-
branes. Several experimental evidences, points to a link between atherosclerosis 
and glycosphingolipid abnormalities. The iminosugar AMP-DNM is a potent in-
hibitor of glucosylceramide synthase (GCS), key enzyme in glycosphingolipid bio-
synthesis. AMP-DNM treatment of rodent models for the metabolic syndrome 
resulted in ameliorated diabetes and liver steatosis and improved cholesterol 
homeostasis. These beneficial effects of AMP-DNM and the existing literature on 
GSL and atherosclerosis give us the rationale for the studies further presented. 
Chapter II describes a study on the effect of AMP-DNM treatment on prevention 
of atherosclerosis. APOE3*Leiden and LDLR (-/-) mice were fed with a diet rich 
in cholesterol containing or not AMP-DNM. The iminosugar prevented hyperlip-
idemia, generated a less atherogenic lipid profile, and induced a dramatic reduc-
tion in the development of atherosclerotic lesions. The effect of AMP-DNM was 
associated with improved cholesterol homeostasis, an increase in bile secretion 
and enhanced excretion of cholesterol in the feces and a decrease in inflamma-
tory markers. All these factors contributed to the observed inhibition in plaque 
formation. 
AMP-DNM is not inhibiting specifically GCS, but also the lysosomal and non-lyso-
somal glucocerebrosidases, GBA1 and GBA2. The idose-analogue of AMP-DNM, 
L-ido-AMP-DNM, similarly inhibits GCS and GBA2; however, it hardly inhibits 
GBA1 in contrast to AMP-DNM. In chapter III we compared the efficacy of AMP-
DNM and L-ido-AMP-DNM in preventing the development of atherosclerosis in 
LDLR (-/-) mice receiving an atherogenic diet for 12 weeks. We observed that 
only AMP-DNM prevented markedly lesion development. In contrast to AMP-
DNM, L-ido-AMP-DNM hardly caused increased biliary and fecal cholesterol ex-
cretion. Our results suggest that the potent anti-atherogenic effect of AMP-DNM 
requires concomitant inhibition of GBA1.
Given all the beneficial actions of AMP-DNM observed in the studies on preven-
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tion of atherosclerosis, we investigated if this iminosugar would be also able to 
halt the progression and/or induce regression of existing atherosclerotic lesions 
(chapter IV). In this study, we treated LDLR(-/-) mice presenting established 
plaques with the iminosugar AMP-DNM for a period of  6 weeks.  We showed 
that, considering the short-term treatment and the too advanced stage of the 
plaques, AMP-DNM did not promote any effect on the atherosclerotic lesions. 
In chapter V we reported on the positive effects of voluntarily wheel running in 
hyperlipidemic LDLR(-/-) mice. In this study we establishedthat physical activity 
beneficially modulates cholesterol metabolism by enhancing its fecal excretion 
especially as bile acids and neutral sterols. This coincided with a reduced devel-
opment of atherosclerosis similarly to what we observed with AMP-DNM treat-
ment. 
The study illustrated in chapter VI focuses on the evaluation of plasma chitotri-
ossidase activity as marker for atherosclerotic burden in mice. Chitotriossidase 
is a chitinase secreted by lipid-laden macrophages and its activity is elevated in 
Gaucher patients. In man, chitotriosidase is expressed in the atherosclerotic le-
sion and its activity was shown to correlate with the disease. We found that also 
in mice chitotriossidase is expressed by macrophages in the lesion, but plasma 
enzyme activity did not reflect the lesion amount measured in the aortic sinus 
of the mice. 
AMP-DNM treatment consistently showed an impressive beneficial action on 
cholesterol homeostasis, characterized by increased fecal sterol loss. Ezetimibe, 
an inhibitor of cholesterol absorption is producing similar effects. In chapter 
VII, we compared AMP-DNM with Ezetimibe as combination treatment or as 
single-drug treatment. The combination treatment induced 2-fold increase in 
cholesterol output, suggesting that the effect of the two compounds is addition-
al. Therefore AMP-DNM is acting by a different mechanism and is not affecting 
intestinal cholesterol absorption.  
Atherosclerosis represents the vessel manifestation of the metabolic syndrome. 
In the liver non-alcoholic-steatophepatitis (NASH) is the manifestation of the 
metabolic syndrome. Since this disease shares several similarities with athero-
sclerosis we decided to treat mice presenting NASH with AMP-DNM. We found 
(chapter VIII) that the treatment was able to recover almost completely the ste-
atotic liver and to correct its fibrotic status. Treated livers presented similar lipids 
levels and fat accumulation of healthy mice. Insulin sensitivity was improved in 
the mice receiving AMP-DNM and inflammation was corrected. These impres-
sive effects on hepatic lipids correlated with the observed stimulation of the 
beta-oxidation and the decreased lipogenesis.
In chapter IX we give an overview of the beneficial action of AMP-DNM on glu-
cose homeostasis in several rodent models for the metabolic syndrome. Here 
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the role of glycosphingolipids in glucose homeostasis is discussed as well as pos-
sible future therapeutic strategies targeting glycosphingolipids metabolism. 
In chapter X, the general outcomes of the different studies are discussed. Here 
the positive effects of AMP-DNM on cholesterol homeostasis, atherosclerosis 
and NASH are reviewed. Potential mechanism of action and future perspectives 
are listed.
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Samenvatting

Dit proefschrift bestaat uit studies over de effecten van de  farmacologische 
modulatie van de glycosphingolipiden sythese op verschillende aspecten van het 
metabool syndroom. 
In hoofdstuk I wordt de acthergrond informatie gegeven bij dit proefschrift. Het 
metabool syndroom is een verzameling van metabole afwijkingen die kunnen 
leiden tot diabetes, atherosclerose en niet-alcoholische leververvetting. Ath-
erosclerose is de belangrijkste onderliggende oorzaak van coronaire hartziekten 
en wordt beschouwd als een complex en multifactoriëel proces. Een verhoogde 
concentratie van plasma cholesterol  is een van de belangrijkste risicofactoren 
voor het ontwikkelen van atherosclerose. De behandeling heeft zich hoofdzake-
lijk gericht op cholesterol synthase en homeostase.  Glycophingolipiden zijn lip-
iden die worden gevonden in celmembranen en zijn de laatste decennia belan-
grijk geworden vanwege hun aandeel in verschillende aandoeningen. Meerdere 
experimentele bewijzen richten zich op een verbinding tussen atherosclerose en 
abnormaliteiten in glycoshingolipiden metabolisme. De iminosuiker AMP-DNM 
is een specifieke remmer voor het enzym glucosylceramide synthase (GCS), een 
belangrijk enzym in de glycosphingolipiden synthese. AMP-DNM behandeling 
op knaagdier modellen voor het metabool syndroom leidde tot  een verbeterde 
glucose en cholesterol homeostase.  Uitgaande van deze positieve resultaten en 
informatie uit literatuur over glycosphingolipiden en atherosclerose, besloten 
we om de  effecten van AMP-DNM behandeling op atherosclerose in proefdieren 
te testen. De resultaten van de verschillende studies zijn verderop beschreven.
Hoofdstuk II beschrijft een studie over de effecten van AMP-DNM behandeling 
op preventie van atherosclerose. APOE3*Leiden en LDLR( - / -) muizen werden 
gevoederd met een dieet rijk aan cholesterol. Een aantal muizen kregen een 
dieet met AMP-DNM en een aantal zonder.  De iminosuiker voorkwam hyper-
lipidemia, verbeterde het  lipidenprofiel  en verminderd de ontwikkeling van 
atherosclerose. Het effect van AMP-DNM werd geassocieerd met verbeterde 
cholesterol homeostases, verhoogde secretie van gal lipiden en neutrale stero-
len excretie, en verlaagde inflammatoire markers. 
AMP-DNM remt zowel GCS als lysosomale en niet-lysosomale enzym glucocer-
ebrosidase( GBA1 en GBA2). De idose-analoog van AMP-DNM, L-ido-AMP-DNM, 
remt GCS and GBA2, maar remt nauwelijks GBA1. In hoofdstuk III vergeleken we 
de effecten van AMP-DNM en L-ido-AMP-DNM behandeling op atherosclerose  
preventie in LDLR (-/-) muizen. We ontdekten dat alleen AMP-DNM de ontwik-
keling van atherosclerotische lesie voorkwam. In tegenstelling tot AMP-DNM, 
veroorzaakt L-ido-AMP-DNM nauwelijks secretie van gal lipiden en fecale excre-
tie van cholesterol . Onze resultaten suggereren dat het anti-atherogeen effect 
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van AMP-DNM gelijktijdige remming van GBA1 vereist. Met het oog op de effec-
ten van de AMP-DNM behandeling op preventie van atherosclerose, hebben we 
ook gekeken naar de effecten van AMP-DNM op regressie, stilstand of afname 
van progressie van atherosclerose  (hoofdstuk IV). In deze studie hebben we 
LDLR (-/-) muizen, met van tevoren opgewekte atherosclerose, voor 6 weken 
behandeld met AMP-DNM. Deze korte korte behandel periode had geen invloed 
op afname van de gecompliceerde atherosclerotische plaques van de muizen.
In hoofdstuk V wordt verslag gedaan van de positieve effecten op proefdieren 
van oefeningen met een loopwiel. We vonden dat lichamelijke activiteit het 
cholesterol metabolisme positief beïnvloedt door verhoogde fecale excretie 
van cholesterol, vooral in de vorm van galzouten en neutrale sterolen, dit vero-
orzaakte vermindering van atherosclerose. Deze effecten zijn vergelijkbaar met 
de effecten van AMP-DNM.
In hoofdstuk VI wordt ingegaan op de rol van plasma chitotriossidase  als bio-
marker voor atherosclerose in proefdieren. Chitotriosidase is een chitinase die 
wordt uitgescheiden door lipiden-bevattende macrofagen. Bij patienten met de 
ziekte van Gaucher wordt chitotriosidase in grote hoeveelheden geproduceerd. 
In mensen wordt chitotriosidase uitgedrukt in de atherosclerotische lesie, en 
de enzymactiviteit correleert met atherosclerose. Bij muizen vonden we dat 
chitotriossidase ook wordt uitgescheiden door macrofagen in de plaque, maar 
de enzymactiviteit in plasma correleert niet met plaque-oppervlakte in de sinus 
aortae van de muizen. 
AMP-DNM behandeling toonde consequent een indrukwekkende effect op cho-
lesterol homeostase, beinvloed door verhoogde fecale excretie van cholester-
ol. Ezetimibe is een remmer van intestinale absorptie van cholesterol en toont 
vergelijkbare effecten met AMP-DNM aan. In hoofdstuk VII, bestuderen we de 
effecten van AMP-DNM behandeling alleen of in combinatie met Ezetimibe. De 
combinatie behandeling veroorzaakte een 2-voudige verhoging van de choles-
terol output, hetgeen doet vermoeden dat het effect van de twee verbindingen 
accumulatief is. Dus AMP-DNM treedt op door een ander mechanisme en is niet 
van invloed op de intestinale absorptie van cholesterol.  
Atherosclerose is de klinische manifestatie van het metabool syndroom in de 
vaten. In de lever is de niet-alcoholische leververvetting (NASH) de manifestatie 
van het metabole syndroom. Aangezien deze aandoening gelijkenissen vertoon 
met atherosclerose, besloten we muizen met NASH te behandelen met AMP-
DNM. We ondervonden (hoofdstuk VIII) dat de behandeling de leversteatose 
en leverfibrose bijna volledig kon genezen. In de levers van behandelde muizen 
waren de lipiden niveau’s en vet ophopingen genormaliseerd. De AMP-DNM be-
handeling verbeterde de insuline gevoeligheid en corrigeerde ontstekingen. Een 
mogelijke verklaring voor deze indrukwekkende effecten kunnen voortkomen uit 
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de waargenomen stimulatie van de beta-oxidatie en de afgenomen lipogenese.
In hoofdstuk IX  geven we een overzicht van de positieve effecten van AMP-DNM 
op glucose homeostase in knaagdier modellen voor het metabool syndroom. 
Ook wordt de rol van glycosphingolipiden in glucose homeostase besproken, 
evenals de mogelijkheid van het gebruik van iminosuikers voor de behandeling 
van insuline resistentie. 
In hoofdstuk X worden de algemene resultaten van de verschillende studies be-
sproken. De positieve effecten van AMP-DNM op cholesterol homeostase, ath-
erosclerose en NASH zijn herzien en er worden toekomstperspectieven gegeven.
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