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1.1 General Introduction

The benefi t of a rich food supply in our modern society seems to have a major 
drawback. Our average bodyweight is steadily increasing and the World Health 
Organization (WHO) formally recognized obesity as a global epidemic in 1997 (i). 
Indeed an epidemic, as obesity prevalence in the United States doubled among 
adults between 1980 and 2004 and more than 30% of Americans are now con-
sidered overweight ([1]). The same trend in body weight increase can be found 
throughout Europe, albeit a few years delayed compared to the United States (ii).  
Alarmingly, the demographics of the obesity epidemic mirror those of the insulin 
resistance epidemic (the diabesity epidemic [2]) and other metabolic abnormalities 
such as dyslipidemia. The causal relation between insulin resistance, dyslipidemia and 
obesity is currently unknown although some hypotheses exist. This thesis deals with 
a novel hypothesis that focuses on a specifi c class of lipids, the glycosphingolipids, as 
causal mediators of obesity induced insulin resistance. 

1.2 Metabolic actions of insulin

Insulin fl ows through the blood after release by the pancreas until it encounters and 
activates the insulin receptor on the plasma membrane of different target tissues. 
The insulin receptor is a heterodimer consisting of two extracellular α-units, capable 
of insulin binding, and two intracellular β-units with intrinsic tyrosine kinase activity. 
Binding of insulin to the extracellular units induces a conformational change result-
ing in autophosphorylation of the intracellular units, further increasing their kinase 
activity ([3, 4]). This step is followed by activation of a signal transduction cascade, 
started by the phosphorylation of insulin receptor substrate (IRS) proteins, eventu-
ally leading to phosphatidylinositol 3-kinase (PI3-kinase) activation, and production 
of PIP2 and PIP3. The importance of PI3-kinase in insulin signaling is highlighted by 
studies showing that virtually all of insulin’s effects on glucose transport, lipogenesis, 
and glycogenesis are abolished by either inhibitors or dominant-negative mutants of 
PI3-kinase ([5, 6]). The different effects of insulin on glucose homeostasis and lipid 
and protein synthesis are regulated downstream of PI3-kinase. Insulin signaling can 
also activate the MAP kinase pathway. This pathway is mainly involved in cell growth 
and differentiation (fi gure 1).
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Insulin and glucose homeostasis 
PI3-kinase activates the serine/threonine kinase Akt (also known as protein kinase B, 
or PKB). Akt has numerous and diverse intracellular targets. Importantly, it stimulates 
glycogen synthesis by activation of the enzyme glycogen synthase. The activity of this 
enzyme (GS) is repressed in the absence of insulin signaling thereby keeping the 
glucose available for use in other tissues such as the brain. Activation of Akt leads 
to the phosphorylation and deactivation of glycogen synthase kinase 3 (GSK3)([7]). 
Deactivation of GSK3 in its turn leads to dephosphorylation and activation of glyco-
gen synthase. At the same time insulin inhibits the breakdown of glycogen. Activated 
AKT promotes insulin-stimulated glucose uptake by promoting the translocation of 
the glucose transporter vesicle GLUT4 to the plasma membrane in fat and muscle 
cells ([8]). Akt also exerts effects at the level of gene transcription. Various genes 
involved in gluconeogenesis, such as phosphoenolpyruvate carboxykinase and glucose 
6-phosphatase, are actively transcribed in the absence of insulin. Their transcription 
factor FOXO-1 is phosphorylated downstream of PI3-kinase, at least partially by 
Akt, leading to its inactivation and repression of gene transcription ([9, 10]).

Figure 1. Insulin signaling affects glucose metabolism, lipid metabolism and cell growth and differentiation. 
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Insulin and lipid homeostasis
The synthesis of fatty acids is regulated at the level of gene expression by the tran-
scription factor sterol regulatory-element binding factor 1c (SREBP-1c). This tran-
scription factor activates the genes coding for the enzymes needed to synthesize 
fatty acids from acetyl-CoA up to the fi nal steps of elongation and desaturation 
(such as acetyl-CoA carboxylase, fatty-acid synthase, and stearoyl-CoA desaturase) 
([11]). The activation of SREBP-1c is complex but well described. The inactive form of 
SREBP-1c is present as a precursor bound to the endoplasmic reticulum (ER) by Insig 
proteins. The maturation is initiated when the COOH-terminal domain of SREBP-1c 
binds to SREBP cleavage-activating protein (SCAP). SCAP is a sterol-sensing escort 
protein. When the ER membrane becomes depleted in cholesterol, SCAP escorts 
SREBP-1c from the ER to the Golgi. Here two proteases cleave SREBP-1c liberating 
the active transcription factor domain. The much smaller mature form can now 
enter the nucleus to activate transcription ([12, 13]). 
Insulin stimulates fatty acid synthesis and several lines of evidence point to direct 
effects of insulin on SREBP-1c transcription, maturation and activation. The main 
regulation of SREBP-1c is at the transcriptional level, but insulin stimulation leads to 
a parallel increase in both the membrane-bound precursor and the mature nuclear 
form. The promoter region of SREBP-1c contains amongst others SREBP-1c binding 
sites ([14]) and transcription is regulated in part by SREBPs in an auto-regulatory 
loop. The transcription of SREBP-1c can also be induced by the activation of liver X 
receptor (LXR) ([15]). LXR is a nuclear hormone receptor with high expression in 
liver, and it is activated by oxysterols (intermediates of cholesterol metabolism). The 
signifi cance and respective roles of these two factors in the regulation of SREBP-1c, 
however, are largely unknown and might differ from mice to human ([16-18]). The 
induction of SREBP-1c transcript by insulin appears to depend on PI3-kinase activity, 
through activation of PKCλ ([19]). 
The maturation or post-translational processing is also infl uenced by insulin. Insulin 
induces phosphorylation of the precursor SREBP-1c in a PI3-kinase and Akt depend-
ent fashion and this leads to activation of the transport process from the ER to the 
Golgi followed by proteolytic cleavage ([20]). Finally, after SREBP-1c is bound to its 
target genes, it can be inactivated via ubiquitination as is the case for many transcrip-
tion factors. This process is induced by phosphorylation of SREBP-1c by the enzyme 
GSK3, reducing degradation of SREBP-1c, and thus enhancing transcriptional activity 
([21]).
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Whereas insulin activates synthesis of fatty acids in the liver and in adipose tissue, 
insulin decreases lipolysis at the same time. It does so by activating phosphodies-
terase-3B resulting in a decrease in cAMP levels ([22, 23]). By this action, hormone 
sensitive lipase is deactivated, resulting in inhibition of lipolysis. 

These metabolic properties of insulin on glucose and fat homeostasis are clearly 
shown in mice that lack the insulin receptor in specifi c tissues only. For example, 
mice with a disruption of the insulin receptor in their fat tissue, (the FIRKO mice: 
fat insulin receptor knockout mice), are sensitive to insulin except in their fat tissue. 
The adipocytes (fat cells) from these mice show the expected defects in glucose 
and lipid metabolism, with a 90% decrease in insulin-stimulated glucose uptake and 
insulin-stimulated incorporation of glucose into triglycerides. Also the ability of 
insulin to prevent lipolysis is strongly reduced in these mice ([24]).

Mice that lack the insulin receptor in their liver only (the LIRKO mice: liver insulin 
receptor knock-out) are characterised by hyperglycemia ([25, 26]). This is most 
likely due to ongoing gluconeogenesis in the liver. In agreement with this, these livers 
have increased expression of gluconeogenesis enzymes. The circulating levels of free 
fatty acids and triglycerides are decreased in LIRKO mice. This was found to be due 
in part by the high insulin levels in these mice causing suppression of extrahepatic 
processes. In addition, the complete lack of insulin receptors in the liver prevents 
activation of SREBP-1c and the synthesis of fatty acids ([27]).

Insulin and cholesterol homeostasis
The liver is the main organ for the de novo synthesis of cholesterol. The synthesis 
starts with one molecule of acetyl-CoA and one molecule of acetoacetyl-CoA, 
which are dehydrated to form 3-hydroxy-3-methylglutaryl CoA (HMG-CoA). This 
molecule is then reduced to mevalonate by the enzyme HMG-CoA reductase. This 
step is an irreversible step in cholesterol synthesis and is the site of action for the 
statins (HMG-CoA Reductase Inhibitors). The synthesis of cholesterol is directly 
regulated by the cholesterol levels present: a higher intake from food leads to a net 
decrease in endogenous production, while lower intake from food has the opposite 
effect. The regulation is dependent on the transcription factor SREBP-2. As described 
above for SREBP-1c the activation of SREBP-2 is directly regulated by endogenous 
levels of sterols. Insulin also seems to be involved in SREBP-2 activation given the 
fi nding that LIRKO mice show a 40-80% decrease in levels of SREBP-2 mRNA 
(Srebf2). Transcripts of many of the targets of SREBP-2, including the enzymes HMG-
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CoA reductase, squalene synthase, and farnesyl diphosphate synthetase, as well as 
the low-density lipoprotein receptor, are also decreased by 60%–90% in LIRKO 
mice livers ([27]). Interestingly, these mice develop atherosclerosis when they are 
challenged with a high cholesterol diet. Plasma cholesterol levels are dramatically 
increased compared to controls on the same diet. This hypercholesterolemia is 
thought to be due to a decreased uptake of cholesterol by the liver under control 
of SREBP-2. 

Cholesterol can be metabolised in the liver by the conversion into bile salts. These 
bile salts are secreted from the liver together with cholesterol, phospholipids and 
waste products, stored in the gallbladder as bile and subsequently used for food 
digestion when needed. During storage in the gallbladder, cholesterol can crystal-
lize from supersaturated bile and gallstones may develop. The fact that this process 
is associated with obesity is already known for a century but we only now start to 
understand how insulin resistance plays a role in this process. Investigations with 
LIRKO mice (see above) have helped to identify the pathophysiological mechanism. 
Feeding LIRKO mice a high cholesterol diet results in the formation of gallstones 
due to the fact that ABCG5/ABCG8, the transporters that effl ux cholesterol into 
bile, are highly expressed in LIRKO mice. The bile of the LIRKO mice is there-
fore supersaturated with cholesterol molecules leading to gallstone formation. It 
was found that insulin directly regulates the expression of ABCG5/ABCG8 via a 
pathway involving Akt and Foxo1 ([28]). 

1.3 Insulin Resistance Syndrome

In a healthy person, insulin is produced by the pancreas in response to increasing 
blood glucose levels after a meal. The subsequent rise in plasma insulin concen-
trations triggers insulin-sensitive tissues like muscle and adipose tissue to absorb 
glucose from the blood and to stop the production of glucose in the liver. These 
processes lower blood glucose levels and the pancreas stops the production and 
release of insulin (fi gure 2A). In an insulin-resistant person, normal levels of insulin do 
not have the same effect on muscle and fat cells, with the result that glucose levels 
stay higher than normal. To compensate for this, the pancreas in an insulin-resistant 
individual is stimulated to release more insulin. This leads to high levels of insulin 
in the blood, a condition called compensatory hyperinsulinemia. It is important to 
keep in mind that insulin is not only closely related to glucose homeostasis, but that 
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insulin also regulates the synthesis and storage of fat, protein synthesis, and non-
metabolic processes such as cell growth and differentiation. In insulin resistance not 
all tissues and insulin-regulated processes become equally resistant to the actions of 
insulin. The elevated insulin levels found in insulin-resistant states lead to increased 
actions throughout the body, for example the stimulation of fatty acid synthesis in 
the liver and the inhibition of breakdown of fat from adipose tissues (fi gure 2B). 
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Figure 2B Type 2 diabetes. 
Insulin fails to decrease gluconeogenesis, 
but it continues to stimulate synthesis of 
fatty acids and TG in the liver. Insulin fails 
to stimulate uptake of glucose by fat and 
adipose tissue. 

Figure 2A Normal response to a glucose 
load. 
Insulin leads to decreased gluconeogenesis 
and increased synthesis of fatty acids and 
triglycerides (TG) in the liver. Insulin leads 
to uptake of glucose by fat and adipose 
tissue.
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There are many metabolic abnormalities that can originate from insulin resistance 
([29, 30]). Amongst these are central obesity, dyslipidemia (raised triglycerides, raised 
small dense LDL and reduced HDL cholesterol), glucose intolerance, and hyper-
tension. The co-occurrence of these metabolic abnormalities is clustered under 
the defi nition of Insulin Resistance Syndrome or Metabolic Syndrome.  The above 
mentioned metabolic abnormalities are risk factors for the development of type 2 
diabetes, cardiovascular disease, cancer, polycystic ovary syndrome, and non-alco-
holic fatty liver disease (fi gure 3) ([31]).  Identifi cation of individuals with Metabolic 
Syndrome allows physicians to institute preventive measures to reduce these health 
risks. In 2006 the International Diabetes Foundation (IDF) standardized the criteria 
for the defi nition of Metabolic Syndrome (Table 1). 

Insulin
Resistance

Table 1. Metabolic Syndrome criteria (as defi ned by the IDF in 2006):

Central obesity plus any two of the following four factors:

Raised triglycerides ≥ 150 mg/dL (1.7 mmol/L)

or specifi c treatment for this lipid abnormality

Reduced HDL cholesterol < 40 mg/dL (1.03 mmol/L) in males

< 50 mg/dL (1.29 mmol/L) in females

or specifi c treatment for this lipid abnormality

Raised blood pressure systolic BP ≥ 130 or diastolic BP ≥ 85 mm Hg

or treatment of previously diagnosed hypertension

Raised fasting plasma glucose (FPG) ≥ 100 mg/dL (5.6 mmol/L),

or previously diagnosed type 2 diabetes

Figure 3. Metabolic Syndrome. 
Metabolic abnormalities that originate from 
insulin resistance (light grey), increase the risk 
to develop a number of diseases (dark grey).
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1.4 Causes of obesity-induced insulin resistance

Adipose tissue dysfunction
If insulin resistance is the underlying cause of a variety of metabolic abnormalities, 
then what causes this insulin resistance? Is obesity an important factor in this con-
nection? Humans are able to survive periods of scarcity by using up the reserve 
that was stored in fat tissue in times of surplus. Fat, as long as it can be safely 
stored in adipose tissue, seems to be quit harmless. Indeed not all people that are 
largely overweight develop obesity-associated problems such as type 2 diabetes or 
high blood pressure. On the other hand, mildly obese individuals that show severe 
insulin resistance and type 2 diabetes, also exist. These phenotypes suggest that not 
the absolute amount but rather adipose tissue function determines the develop-
ment of insulin resistance. Adipocytes are not only storage cells for fat, but they are 
highly secretory cells producing a wide range of hormones and cytokines involved 
in glucose metabolism (e.g. adiponectin, resistin), lipid metabolism (e.g. cholesteryl 
ester transfer protein, CETP), infl ammation (e.g. TNF-α, IL-6), coagulation (PAI-1), 
blood pressure (e.g. angiotensinogen, angiotensin II), and feeding behaviour (leptin). 
Changes in adipocyte function will thus affect metabolism and the function of many 
organs and tissues including muscle, liver, vasculature, and brain. Several research 
groups focus on the function rather than the amount of adipose tissue as a predis-
posing factor to develop insulin resistance ([32]). 

Infl ammation
It has now been fi rmly established that obesity is associated with the appearance 
of a chronic, low infl ammatory state. This low-grade infl ammation is mediated by 
the infl ammatory (classical) activation of recruited and resident macrophages that 
populate metabolic tissues, including adipose tissue and liver. The cytokines secreted 
by these tissue macrophages can directly promote insulin resistance ([33, 34]). For 
example, several studies show that the cytokine TNF-α represents a key mediator 
of obesity-linked insulin resistance. Treatment of adipocytes in vitro with TNF-α 
inhibits glucose uptake and the downstream insulin signaling cascade ([35]). TNF-α 
contributes to insulin resistance by inhibiting the expression of genes which are 
essential for insulin signaling (IRS-1) and glucose uptake (GLUT4) ([36, 37]).
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Lipotoxicity
Another hypothesis linking obesity with insulin resistance is that the delivery of 
fatty acids to peripheral tissues in excess of their oxidative or storage capacities 
impairs the function of these tissues. This process has been referred to as lipotoxic-
ity ([38]). Extensive research has been conducted to explain how free fatty acids can 
cause insulin resistance. First of all, free fatty acids such as palmitate are implicated 
in causing beta-cell dysfunction and lipotoxicity in insulin sensitive tissues ([39]). 
Other studies have shown that the fatty acid palmitate inhibits the activation of 
insulin receptor substrate 1, PI3-kinase, or Akt, causing insulin resistance ([40]). The 
complex effect of fatty acids on insulin resistance was recently reviewed ([41]). 
Besides being directly involved in causing insulin resistance, free fatty acids can also 
be used as building blocks of various classes of lipids such as sphingolipids, e.g. 
ceramide. Sphingolipid levels are selectively up-regulated by circulating factors asso-
ciated with obesity and metabolic disease, and ceramides and related sphingolipids 
have been shown to accumulate in obese humans and rodents ([42]). Interestingly 
these high levels of ceramide were shown to inhibit downstream insulin signaling, 
at least partially at the level of Akt ([42]). More recently, a more complex class of 
sphingolipids, the so-called glycosphingolipids, has been implicated in insulin resist-
ance ([43]). An introduction to glycosphingolipids and their role in obesity-induced 
insulin resistance will be given in the next paragraphs. 

1.5 Glycosphingolipids in insulin resistance

Glycosphingolipids were initially discovered by J.W.L. Thudichum in 1882, studying 
the chemical composition of the brain. In brain lipid extracts he discovered a com-
pound with an ‘alkaloidal nature’ that was named sphingosine, after the mythological 
Sphinx’s riddle. Thudichum demonstrated next the existence of (glyco)sphingolipids 
consisting of a so-called ceramide lipid moiety with covalently linked oligosaccha-
rides or phosphorylcholine (sphingomyelin). His land-slide discovery did not receive 
recognition during his lifetime. Only by the 1930s, his claims were fully vindicated 
and Herbert E. Carter coined the term sphingolipids to honor Thudichum. Since 
then numerous complex glycosylated sphingolipid derivatives have been discovered 
([44]).
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Synthesis of glycosphingolipids
The fatty acid palmitate, which is abundantly available in states of nutrient excess, 
is the precursor for synthesis of sphingolipids and its availability determines the 
synthesis rate. Thus, excess intake or impaired oxidation of saturated fat due to 
insulin resistance likely contributes to the accumulation of sphingolipids in tissues 
([45]). The enzyme serine-palmitoyl transferase (SPT) catalyzes the fi rst reaction, in 
which L-serine condenses with palmitoyl-CoA. In subsequent steps at the cytosolic 
leafl et of the ER ceramide is formed. Extracellular stimuli such as cytokines that are 
elevated in obesity can increase the synthesis rate by increasing the expression of 
SPT. Then, ceramide is delivered to the Golgi apparatus by ceramide transfer pro-
teins, and converted to sphingomyelin (SM) by SM synthase catalyzing the transfer of 
phosphorylcholine from phosphatidylcholine (PC) to ceramide. At the cytosolic side 
of the Golgi, ceramide is also converted to glucosylceramide (GlcCer) by GlcCer 
synthase that catalysis the transfer of glucose from UDP-glucose to ceramide. The 
next glycosylation step in the formation of glycolipids is the transfer of galactose 
from UDP-galactose to glucosylceramide. This reaction occurs in the lumen of the 
Golgi and is facilitated by lactosylceramide synthase. Thereafter, the pathway for the 
biosynthesis of gangliosides involves sequential activities of sialyltransferases and 
glycosyltransferases that add one or more N-acetylneuraminic acid (sialic acid) and 
sugar residues. From lactosylceramide the most simple ganglioside, GM3, can be 
formed by the addition of one sialic acid residue ([46, 47]). High levels of glycosphin-
golipids are found in rodent models for obesity ([42]) and increased GM3 levels 
are found in adipose tissue of mice made insulin resistant by low levels of TNF-α 
([48]). Besides increased availability of substrates and increased expression of the 
rate limiting enzyme SPT, other factors in obesity could contribute to increased gly-
cosphingolipid levels. For example, increased GM3 synthase mRNA concentrations 
are found in adipose tissues of ob/ob mice and ZDF rats ([48]). 

Glycosphingolipids interact with the insulin receptor
Glycosphingolipids are predominantly present at the plasma membrane of mam-
malian cells. The ceramide backbone is located inside the lipid bilayer of the plasma 
membrane and the carbohydrate moiety at the outside where it interacts with 
glycoproteins and other glycosphingolipids. Due to the ability to form hydrogen 
bonding, glycosphingolipids can form microdomains with cholesterol that are more 
rigid and ordered than other parts of the membrane. Caveolae are membrane 
invaginations characterized by the presence of caveolin-1 and enriched in choles-
terol, sphingomyelin and glycosphingolipids. They are thought to serve as signaling 
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platforms for receptors such as the insulin receptor. Glycosphingolipids can also 
form specifi c membrane micro-domains with cholesterol in the absence of caveolin 
(detergent resistant domains). Some proteins preferentially insert into these highly 
organised membrane structures and form specialised platforms for cell signaling 
([49]). The amount of GM3 seems to directly affect the ability of insulin to acti-
vate the receptor. It was shown that the addition of GM3 to cultured adipocytes 
reduces the phosphorylation of the insulin receptor and its downstream substrate 
IRS-1 by insulin. Reducing GM3 levels by inhibition of GM3 synthesis, using an inhibi-
tor, results in activation of insulin signaling. The relation between glycosphingolipid 
levels and the ability of insulin to activate its receptor is further substantiated by 
observations in mutant mice. Mice that lack the enzyme for GM3 (GM3 synthase 
knockout mice) show enhanced activation of the skeletal muscle insulin receptor 
after stimulation with insulin ([50]). When these mice are challenged with a high fat 
diet to induce insulin resistance, these mutant mice remain sensitive to the actions 
of insulin ([50]). We can conclude from the above observations that increased levels 
of glycosphingolipids disturb insulin signaling and that the absence of GM3 protects 
against the development of insulin resistance.

Very recently Kabayama et al provided evidence that the interaction of GM3 with 
the insulin receptor is mediated by a specifi c lysine residue located just above the 
transmembrane domain of the receptor ([51]). Based on these observations and 
their earlier results, a model has been proposed how glycosphingolipids impair 
insulin signaling: excess levels of GM3 promote dissociation of the insulin receptor 
from its membrane location and hamper the downstream signaling events (fi gure 
4) ([52]).

in su lin

IR S

Caveo lin-1

in su lin

IR S

Caveo lin-1

Normal insulinsignaling insulin resistance

Figure 4. An excess level of GM3 promotes the dissociation of the insulin receptor from its membrane location 
and its association with caveolin-1, thereby hampering the downstream signaling events.
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Inhibitors of glucosylceramide synthase
The negative association of glycosphingolipids with insulin signaling has prompted 
researchers to test the effect of inhibitors of GSL synthesis on insulin signaling. 
Inokuchi and co-workers were the pioniers in this fi eld and they used the cera-
mide analogue 1-phenyl-2-decaoylamino-3-morpholinopropanol (PDMP) to inhibit 
glucocylceramide synthase. In their studies they treated cultured adipocytes with 
TNF-α to increase glucosylceramide levels and showed that this indeed caused 
insulin resistance. Subsequently they added PDMP to these cells to prevent gly-
cosphingolipid synthesis and noted that PDMP prevented TNF-α induced insulin 
resistance ([53]). However, the compound they used also inhibits transacylation of 
1-O-acylceramide, and thereby increases cellular ceramide concentrations which 
makes interpretation of the results diffi cult ([54]). This compound formed the basis 
for the synthesis of the glucosylceramide synthase inhibitor (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 (Genz-123346) ([55, 56]). Unlike the original parent 
compound PDMP, Genz-123346 has little effect on 1-O-acylceramide synthase 
activity at concentrations that effectively inhibit glycosphingolipid synthase activity 
and therefore does not signifi cantly elevate cell ceramide levels in vitro. 

Besides ceramide based structures, N-alkylated iminosugars are also potent inhibi-
tors of the enzyme glucosylceramide synthase. Already in 1994 N-butyl-deoxynojiri-
mycin (NB-DNJ) was reported to be an inhibitor of glycosylceramide synthesis ([57]). 
NB-DNJ is used as an inhibitor of GCS in the treatment of patients with Gaucher’s 
disease. This compound is a very potent inhibitor of intestinal α-glucosidases which 
is the cause of adverse effects observed in the gastrointestinal tract in patients 
treated with this drug. On the other hand, the potential of N-alkylated iminosugars 
to inhibit intestinal α-glucosidases forms the basis of the pharmacological action of 
the registered anti-diabetic drug Miglitol (N-(1-hydroxyethyl)-1-deoxynojirimycin), 
by buffering the carbohydrate uptake from food. In 1998 a more specifi c inhibitor of 
GCS was developed by Overkleeft and co-workers ([58]). This compound is based 
on the structure of NB-DNJ, but the butyl chain is replaced by an adamantane struc-
ture. This compound, N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin 
(AMP-DNM) is a much more potent inhibitor for GCS (100nM) compared to the 
original compound NB-DNJ (IC50 25000nM). However, AMP-DNM still inhibits the 
intestinal glucosidases in the same order of magnitude as Miglitol. Structural ana-
logues of AMP-DNM have since been developed. Of these, N-(5-adamantane-1-yl-
methoxy)-pentyl-L-ido-1-deoxynojirimycin (L-ido-AMP-DNM) is the most specifi c 
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and potent iminosugar-based GCS inhibitor reported to date ([59]).
The impact of glycosphingolipid lowering by oral administration of the iminosugar 
AMP-DNM to various rodent models of insulin resistance has been studied in our 
laboratory. It was found that treatment with AMP-DNM markedly improves insulin 
resistance in these models in a dose dependent manner ([60]). Similar fi ndings were 
independently made with Genz-123346 ([61]), further substantiating that inhibition 
of glycosphingolipid biosynthesis ameliorates insulin resistance. Consistently, it was 
very recently reported that inhibition of ceramide synthesis with myriocin, and thus 
synthesis of anabolite sphingolipids, improved insulin sensitivity in rodent models of 
obesity-induced insulin resistance ([62]). 

1.6 Aim and outline of the thesis

The research described in this thesis is based on the hypothesis that glycosphin-
golipids are involved in the signaling actions of insulin and that by pharmacological 
reduction of glycosphingolipid levels the insulin signaling capacity is restored. These 
studies were aimed to gain further insight into effects of AMP-DNM on glucose 
homeostasis as well as on lipid homeostasis, to study the organs involved in the 
effects of AMP-DNM and look for possible side-effects. Finally, these studies should 
improve insight in the role of glycosphingolipids in insulin resistance.
The fi rst chapters (chapters 2-5) of this thesis describe the effects of AMP-DNM 
on glucose and lipid homeostasis in insulin resistance. Leptin-defi cient ob/ob mice, 
a well-established model of insulin resistance, were used in the investigations. The 
absence of leptin causes these mice to be hyperphagic. They also have a low energy 
expenditure resulting in obesity, hyperglycemia, hyperinsulinemia and massive 
hepatic steatosis. Chapter 2 describes the effects of AMP-DNM on glycemic control 
in these mice. AMP-DNM is shown to improve insulin signaling as well as to buffer 
carbohydrate assimilation. These two factors contribute to improved glucose home-
ostasis. Adipose tissue function is an important factor in the progression of insulin 
resistance to lipotoxicity and type 2 diabetes. Chapter 3 describes investigations 
demonstrating that AMP-DNM improves adipose tissue of ob/ob mice and reduces 
the infl ammatory state. Massive hepatic steatosis is a hallmark of insulin resistance. 
Treatment with AMP-DNM reduces the steatosis in ob/ob mice, as is described 
in chapter 4. In an attempt to gain further insight in the cause of improvements 
in metabolism, energy expenditure of ob/ob mice receiving AMP-DNM was inves-
tigated using metabolic cages. The outcome of this study is reported in chapter 
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5. Chapter 6 and 7 describe studies that were performed to establish effects of 
AMP-DNM in non-diseased states. A liver derived cell line was used as a model to 
investigate the impact of glycosphingolipid on gene transcription. The outcome of 
this study is presented in chapter 6. The insulin receptor is not the only receptor 
found in close proximity to glycosphingolipids. In chapter 7 the effects of glycosphin-
golipid lowering on the functionality of ABC-transporters are described. AMP-DNM 
was found to show, besides effects on glucose and lipid homeostasis, a major effect 
on cholesterol and bile homeostasis (6 and 7). How bile and cholesterol metabolism 
are interrelated is described in chapter 8. Finally, in chapter 9, a general discussion of 
the study outcomes described in this thesis is provided. 
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Abstract
Objectives and background
The iminosugar N-(5-adamantane-1-ylmethoxy)- pentyl-1-deoxynojirimycin (AMP-
DNM) potently controls hyperglycemia in rodent models of insulin resistance. The 
reduction of visceral glycosphingolipids by AMP-DNM is thought to underlie its 
benefi cal action. It can however not be excluded that concomitant inhibition of 
intestinal glycosidases and associated buffering of carbohydrate assimilation adds 
to the effects of AMP-DNM. To establish fi rmly the mode of action of AMP-DNM, 
we developed a panel of hydrophobic iminosugars varying in confi guration at C-
4/C-5 and N-substitution of the iminosugar. 

Results
From these we identifi ed N-(5-adamantane-1-yl-methoxy)-pentyl-L-ido-1-deox-
ynojirimycin (L-ido-AMP-DNM) as a selective inhibitor of glycosphingolipid synthe-
sis. L-ido-AMP-DNM lowered visceral glycosphingolipids in ob/ob mice and ZDF 
rats on a par with AMP-DNM. In contrast to AMP-DNM, L-ido-AMP-DNM did not 
inhibit sucrase activity in vitro, and did not reduce sucrose assimilation in vivo. 
L-ido-AMP-DNM treatment was signifi cantly less effective in lowering blood 
glucose and reducing HbA1C. 

Conclusions
We conclude that combined reduction of glycosphingolipids in tissue and buffering 
of carbohydrate assimilation produces a superior glucose homeostasis. Therefore 
AMP-DNM seems intrinsically more suited for controlling type 2 diabetes associ-
ated hyperglycemia, whilst L-ido-AMP-DNM is more attractive for treatment of 
diseases where exclusive reduction of glycosphingolipids is required such as the 
hereditary lysosomal glycosphingolipidoses.
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Introduction

Coinciding with obesity, type 2 diabetes has reached epidemic proportions world-
wide. Insulin resistance is one of the earliest detectable abnormalities during the 
development of type 2 diabetes. The precise cause for the rapidly increasing occur-
rence of insulin resistance has not been fi rmly established, but there is growing 
evidence that obesity and associated lipotoxicity play a crucial role (1). Recent li-
terature links insulin resistance in tissues to the presence of excessive amounts of 
a particular group of lipids, the so-called glycosphingolipids. These lipids are found in 
specifi c (detergent resistant) membrane microdomains in close physical proximity 
to the insulin receptor (2). A regulatory role for glycosphingolipids, in particular 
the ganglioside GM3, in insulin sensitivity is substantiated by a rapidly growing body 
of experimental evidence (3). Interaction of gangliosides and the insulin receptor 
was originally described by Nojiri et al. (4), demonstrating the ganglioside-mediated 
inhibition of insulin-dependent cell growth of leukemic cell lines. Tagami and co-
workers were the fi rst to demonstrate that addition of GM3 to cultured adipocytes 
suppresses phosphorylation of the insulin receptor and its down-stream substrate 
IRS-1, resulting in reduced glucose uptake (5). Inokuchi and coworkers reported that 
exposure of cultured adipocytes to TNF-α increases GM3 and inhibits IR and IRS-1 
phosphorylation. This was found to be counteracted by 1-phenyl-2-decanoylamino-
3-morpholinopropanol (PDMP), an inhibitor of glycosphingolipid biosynthesis (6). 
Mutant mice lacking GM3 have been reported to show an enhanced phosphoryla-
tion of the skeletal muscle insulin receptor after ligand binding and to be protected 
from high-fat diet induced insulin resistance (7). Consistent with this is the recent 
report on improved insulin sensitivity and glucose tolerance in mice with increased 
expression of the GM3 degrading sialidase Neu3 (8). Conversely, GM3 levels are 
elevated in the muscle of certain obese, insulin resistant mouse and rat models 
(5). Altered sphingolipid metabolism, refl ected by increased glycosphingolipid levels, 
has recently also been documented in relation to neuronal pathology in diabetic 
retinopathy (9). Very recently Kabayami et al provided evidence that the interaction 
of GM3 with the insulin receptor is mediated by a specifi c 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 insulin signal transduction (10).
The value of pharmacological lowering of excessive glycosphingolipid levels to 
improve insulin sensitivity has recently been demonstrated by others and us (3, 
11-13). Holland and coworkers reported that inhibition of the synthesis of cera-
mide, the precursor of glycosphingolipids, markedly improves glucose tolerance and 
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prevents the onset of overt diabetes in obese rodents (11). Zhao et al demonstrated 
that inhibition of the fi rst step in the biosynthesis of glycosphingolipids, catalyzed 
by glucosylceramide synthase (GCS), exerts benefi cial effects. The GCS inhibitor 
(1R,2R)-nonanoic acid[2-(2’,3’-dihydro-benzo [1, 4] dioxin-6’-yl)-2-hydroxy-1-pyr-
rolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt (Genz-123346) lowered blood 
glucose and HbA1C levels and improved glucose tolerance in insulin resistant 
rodents (12). Finally, we showed that treatment of various rodent models of insulin 
resistance with the hydrophobic iminosugar N-(5-adamantane-1-yl-methoxy)-
pentyl-1-deoxynojirimycin (AMP-DNM), a well tolerated and potent inhibitor of 
GCS, very markedly lowered circulating glucose levels, improved oral glucose tole-
rance, reduced HbA1C, and improved insulin sensitivity in muscle and liver (13). In 
addition, AMP-DNM treatment was found to cause a marked improvement in insulin 
sensitivity of adipocytes and to reduce infl ammation in adipose tissue of obese mice 
(14).
The marked benefi cial effect of AMP-DNM on glycemic control in obese mice might 
not only be exerted by reduction of glycosphingolipids in tissues. The same com-
pound was found to inhibit in vitro the enzymatic activities of some glycosidases 
like sucrase and maltase (15, 16). The latter effect is similar to the mode of action 
of registered anti-diabetics, including the iminosugar Miglitol (N-(1-hydroxyethyl)-1-
deoxynojirimycin) (17). To establish whether concomitant reduction of carbohydrate 
assimilation by AMP-DNM contributes to its benefi cial effect on glycemic control, we 
looked for an analogue of AMP-DNM that inhibited GCS more specifi cally. Therefore 
we developed a range of structural analogues of AMP-DNM varying in confi guration 
at C-4 and C-5 (glycopyranose numbering) of the piperidine ring and in the type of 
substitution on the endocyclic nitrogen. 
We here demonstrate that both the D-galacto (C-4 epimer) and L-ido (C-5 epimer) 
analogues of AMP-DNM, but not the L-altro (C4 and C5 epimer) analogue, are still 
potent inhibitors of GCS. Of these, N-(5-adamantane-1-yl-methoxy)-pentyl-L-ido-
1-deoxynojirimycin (L-ido-AMP-DNM) is the most specifi c and potent iminosugar-
based GCS inhibitor reported to date. L-ido-AMP-DNM, was head-to-head com-
pared with AMP-DNM in ob/ob mouse and ZDF rat models of insulin resistance and 
type 2 diabetes. The ability of these compounds to improve insulin sensitivity and 
buffer sucrose assimilation was examined. Their effects on glycemic control were 
also compared with those of two registered deoxynojirimycin-type drugs Miglustat 
((N-butyl-1-deoxynojirimycin) and Miglitol. The outcome of these investigations is 
here reported, indicating that the prominent benefi cial effect of AMP-DNM on gly-
cemic control results from dual inhibition of both carbohydrate assimilation and 
visceral glycosphingolipid synthesis.
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Experimental Procedures

Animals 
Experimental procedures were all approved by the appropriate Ethics Committee 
for Animal Experiments. C57Bl/6J and ob/ob mice (C57Bl/6J background) were 
obtained from Harlan (Horst, The Netherlands) and ZDF (ZDF/GMi-fa/fa) rats 
and lean littermates from Charles River Laboratories (Wilmington, USA). Animals 
were housed in a light- and temperature controlled facility. Animals were fed a com-
mercially available lab chow (RMH-B, Hope Farms BV, Woerden, The Netherlands) 
containing about 6% fat and ~0.01% cholesterol (w/w). Iminosugars were mixed in 
the food. In the case of experiments with ZDF rats compound was administered by 
oral gavage two times daily. 

Plasma and tissue sampling
Blood samples were collected by either tail vein or retro-orbital plexus puncture. 
Animals were sacrifi ced under isofl urane anaesthesia.  A large blood sample was 
collected by cardiac puncture. Tissues were quickly removed and frozen for further 
analysis. 

Iminosugars 
AMP-DNM (N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin) was syn-
thesized as described previously (16, 18). The synthesis, characterization and purity 
of L-ido-AMP-DNM and all other reported iminosugars is described in SI. Plasma 
levels of AMP-DNM and L-ido-AMP-DNM were determined by mass spectrometry 
following high pressure liquid chromatography (Xendo, Groningen, The Netherlands). 
N-butyl-DNM was obtained from Sigma (St Louis, USA).

Analysis of lipids and measurement of enzyme activities
Lipids were extracted according to Folch et al. (19). Ceramide and glucosylceramide 
collected from the chloroform phase were determined by HPLC analysis of o-phtha-
laldehyde-conjugated lipids according to a procedure described previously (20). The 
chloroform layer was thoroughly dried and deacylation of lipids was performed 
in 0.5 ml 0.1 M NaOH in methanol in a microwave oven (CEM microwave Solids/
Moisture System SAM-155). After deacylation 0.5 ml methanol and 2 ml chloroform 
were added and phase separation was performed. The chloroform layer was dried 
under N2 and the deacylated lipids were taken up in 250 μl methanol. Deacylated 
glycolipids were derivatised on line for 30 min with o-phthalaldehyde. Analysis was 
performed using an HPLC system (Waters Associates, Milford, MA) and a Hypersil 
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BDS C18 3μm, 150 * 4.6 mm reverse phase column (Alltech). Chromatographic 
profi les were analyzed using Waters Millennium software. All samples were run in 
duplicate and in every run a reference sample was included.
Ganglioside composition was determined by analysis of the acidic glycolipid fraction 
obtained after Folch extraction using chloroform/methanol/water (65:25:4) as 
solvent. Gangliosides were quantifi ed following HPLC separation of oligosaccharides 
released from glycolipids by ceramide glycanase digestion (21). IC50 values of AMP-
DNM for various enzyme activities were determined by exposing cells or enzyme 
preparations to an appropriate range of iminosugar concentrations. IC50 values 
for glucosylceramide synthase activity were measured using living cells with NBD-
ceramide as substrate (22). IC50 values for the lysosomal glucocerebrosidase (GBA1) 
were measured using 4-methylumbelliferyl-beta-D-glucoside as substrate (23). IC50 
values for the non-lysosomal glucocerebrosidase (GBA2) were measured with the 
same substrate as earlier described (24, 25). Lactase, maltase and sucrase were 
determined with homogenates of freshly isolated rat intestine using assay conditions 
described earlier (16). Debranching enzyme (α-1, 6-glucosidase) was measured with 
an erythrocyte preparation as enzyme source as described previously (16). 

Analysis of insulin signalling in liver
Livers were quickly collected and lysed in modifi ed RIPA buffer as described earlier 
(13). Equal amounts of lysates were separated by SDS-PAGE and immunoblots per-
formed in parallel using anti-pTyr1446 IR-β, anti-pSer473 AKT, anti-pSer2448 mTOR 
and anti-p-70S8K (Cell Signalling Technology Inc., US). 

Glucose tolerance test and analysis of sucrose assimilation
The tolerance test was performed in fasted animals (>6 h) with oral gavage of 
glucose (0,5 or 1 g of glucose per kg of body weight). Blood glucose values were 
measured immediately before and 10, 20, 30, 60, 90 and 120 min after glucose injec-
tion. AUCs (areas under the curve; arbitrary units per minute) were determined for 
individual animals. For analysis of sucrose assimilation, fasted animals (>6 h) received 
oral gavage of sucrose (1 g per kg of body weight), and subsequently blood glucose 
values were measured as described above.

Blood glucose and HbA1C analysis
The concentrations of glucose, insulin and HbA1C levels in blood samples were 
determined as exactly described previously (13).
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Statistical testing
Values presented in fi gures represent mean ± SEM. Statistical analysis of two groups 
was assessed by Student’s t-test (two-tailed) or ANOVA for repeated measurement 
(clamp experiment). Level of signifi cance was set at p <0.05.

Pharmacokinetic Evaluation
Four ZDF/Crl-leprfa male rats were administered a single 3 mg/kg intravenous dose 
of either AMP-DNM or L-ido-AMP-DNM in normal saline. In another group four 
ZDF/Crl-leprfa male rats were administered a single 10 mg/kg oral dose of either 
AMP-DNM or L-ido-AMP-DNM in normal saline. Each animal was dosed follow-
ing an overnight fast. Following dose administration, whole blood samples were 
collected via the jugular vein catheter from each animal for up to 12 hours. Blood 
samples were processed to plasma and analyzed by liquid chromatography with 
tandem mass spectrometry. Pharmacokinetic parameters were determined using 
standard non-compartmental methods by WinNolinTM version 5.1.

Results

Effects of various existing iminosugars on glycemic control in ob/ob 
mice
Three existing 1-deoxynojirimycin-based iminosugars, AMP-DNM, N-butyl-DNM 
(registered as Miglustat (26)), N-(1-hydroxyethyl)-DNM (registered as Miglitol) and 
1-deoxynojirimycin (DNM) itself were prepared and comparatively investigated 
with respect to their ability to inhibit three intestinal glycosidases and GCS. Their 
structures are depicted in Table 1. As expected, the anti-diabetic Miglitol is a potent 
inhibitor of the intestinal glycosidases maltase and sucrase. DNM, Miglustat and 
AMP-DNM also inhibit these enzymes at micromolar concentrations. AMP-DNM in 
particular is a potent inhibitor of glucosylceramide synthase (IC50 150 nM), Miglustat 
a weaker inhibitor (IC50 50000 nM), whilst DNM and Miglitol do not inhibit GCS 
at all. 
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Table 1. Apparent IC50 values in μM for DNM-based iminosugars 

Iminosugar inhibitor
structure / abbreviation

GCS 
in vitro

Sucrase
in vitro

Maltase
in vitro

Lactase
in vitro

>100 2 2 62

>1000 0.5 6 50

50 0.5 9 >100

0.15 0.5 4 35

The effects of Miglitol, Miglustat and AMP-DNM on glucose homeostasis in obese, 
insulin resistant ob/ob mice were studied. For this purpose, 7-week old, C57Bl/6J 
(control group) and ob/ob mice were treated for 4 weeks with 100 mg/kg/d of AMP-
DNM, Miglustat or Miglitol. Only in the case of AMP-DNM a signifi cant lowering of 
plasma and liver glycosphigolipids was observed, without concomitant changes in 
ceramide content (Figure 1A, B). AMP-DNM treated mice showed a signifi cantly 
lower circulating blood glucose and insulin, improved HOMA and oral glucose to-
lerance, and reduced HbA1C (Figure 1C-F). Miglustat treatment had no signifi cant 
positive effects on these parameters. Miglitol treatment resulted only in a signifi cant, 
but minor, reduction of blood glucose, HOMA and HbA1C.  

L-ido-AMP-DNM, a potent and more specifi c inhibitor of glucosylceramide 
synthase
1-Deoxynojirimycin and the piperidine ring of Miglitol, Miglustat and AMP-DNM 
possess D-gluco stereochemistry. It is a well established fact that structural mimicry 
is one of the main causes for inhibition of intestinal glycosidases by this type of 
iminosugar. Therefore, changing the iminosugar stereochemistry could be a means 
to developing more specifi c GCS inhibitors. Platt, Butters and co-workers have 
demonstrated previously that N-butyl-D-galacto-1-eoxynojirimycin (D-galacto-
butyl-DNM), a C-4 epimer of Miglustat, still inhibits GCS (27). 
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The same has also been reported for N-pentyl-L-ido-1-deoxynojirimycin, a N-
pentyl substituted C-5 epimer of Miglustat (28). To obtain more specifi c imino-
sugar-based inhibitors of GCS, we developed a panel of nine structural and stere-
ochemical analogues of AMP-DNM and analyzed their inhibitory capacity towards 
the three intestinal glycosidases and GCS. We prepared all three C-4/C-5 epimers 
of 1-deoxynojirimycin (D-galacto, L-altro and L-ido) and either left the endocylic 
nitrogen unsubstituted, or substituted it with a butyl for Miglustat analogues or 
a 5-(adamantan-1-yl-methoxy)-pentyl (AMP) group for AMP-DNM analogues. The 
synthesis of all nine iminosugars started from either 2,3,4,6-tetra-O-benzylated D-
glucose or D-galactose and followed adapted routes previously reported by us and 
others (see SI for details on the synthesis of the iminosugars). The structures of 
the panel of iminosugars and their inhibitory capacity towards the three intestinal 
glycosidases and GCS are depicted in Table 2. 

Figure 1. Effects of AMP-DNM, Miglustat and Miglitol treatment on GSLs and glycemic control in ob/ob mice 
and comparative values in untreated normal mice. Animals were treated for 4 weeks daily with 100 mg compound 
per kg bodyweight. Panel A: plasma content (nmol/ml) of GSLs: ceramide (black); glucosylceramide (grey); total 
gangliosides (white). Panel B: liver content (nmol/g) of GSLs: (left to right) ceramide/10; glucosylceramide; 
lactosylceramide; GM3; GM2; GM2-glycol/10; GD1a. Panel C: HbA1c. Panel D: Blood glucose (black) and insulin 
(white). Panel E: HOMA-IR index. Panel F: Oral glucose tolerance (OGT; area under the curve).
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Of the nine compounds only the three D-galacto-iminosugars (C-4 epimer; entries 
1-3) still substantially inhibit intestinal glycosidases. All three L-altro-iminosugars (C-
4 and C-5 epimer, entries 4-6) show very weak to no inhibition of GCS. In line with 
literature reports, the D-galacto- and L-ido-iminosugars (C-5 epimer, entries 7-9) 
do inhibit GCS. The unsubstituted D-galacto- and L-ido-iminosugars (entries 1 and 
7) show the lowest to no inhibition of GCS. The D-galacto- and L-ido-N-butyl ana-
logues (entries 2 and 8) are inhibitors of GCS in the micromolar range. Analogous 
to Miglustat versus AMP-DNM, a great increase in inhibitory potency for GCS is 
observed in switching from N-butyl substitution to N-AMP substitution of the 
D-galacto- and L-ido-iminosugars. Compared to AMP-DNM, the AMP-substituted 
D-galacto-iminosugar (entry 3) is an only slightly less potent inhibitor of GCS, but 
as mentioned above still inhibits the intestinal glycosidases. However, of particular 
interest was L-ido-AMP-DNM (entry 9), which did exhibit the required profi le for a 
potent GCS-selective inhibitor. L-ido-AMP-DNM is slightly better than AMP-DNM 
with regard to inhibition of GCS (IC50 < 150 nM), but sharply contrasts from this 
compound in its much reduced capacity to inhibit intestinal glycosidases. Exposure 
of various types of cultured cells to AMP-DNM and L-ido-AMP-DNM resulted in 
comparable lowering of glycosphingolipids without concomitant increases in cera-
mide (not shown). The pharmacokinetic properties of L-ido-AMP-DNM and AMP-
DNM were also found to be very similar (for more detailed information, see SI).

Table 2. Apparent IC50 values in μM for panel of nine iminosugars

Entry Iminosugar inhibitor
structure / abbreviation

GCS
In vitro

Sucrase
In vitro

Maltase
In vitro

Lactase
In vitro

D-galacto:

1 R=H 10 0.26 1.5 50
2 R=Butyl 10 0.46 10 1000
3 R=AMPa 0.5 3.5 15 375

L-altro:

4 R=H 10 220 > 1000 400
5 R=Butyl 10 450 > 1000 > 1000
6 R=AMPa 10 1000 > 1000 > 1000

L-ido:

7 R=H 10 1000 > 1000 > 1000
8 R=Butyl 10 1000 > 1000    1000
9   R=AMPa 0.2 > 1000    1000 > 1000

NR

H O

H O

O H

OH

NR

H O

H O

O H

OH

N R

H O

H O

OH

O H

N R

H O

H O

OH

O H

NR

HO

HO

O H

O H

NR

HO

HO

O H

O H



39

C
hapter 2

Figure 2. Effects of AMP-DNM (2) and L-ido-AMP-DNM (4) treatment on (G)SLs and glycemic control in ob/
ob mice and comparative values in untreated normal mice.  Animals were treated for 4 weeks daily with 100 
mg compound per kg bodyweight. Panel A: Plasma content (nmol/ml) of ceramide and GSLs: ceramide (black); 
glucosylceramide (grey); total gangliosides (white). Panel B: Liver content (nmol/g) of ceramide and GSLs: (left to 
right) ceramide/10; glucosylceramide; GM2; GM2-glycol/10. Panel C: HbA1c. Panel D: Blood glucose (black) and 
insulin (white). Panel E: HOMA1-IR index. Panel F: Oral glucose tolerance (OGT; area under the curve).
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Comparison of effects of AMP-DNM and L-ido-AMP-DNM in ob/ob mice and 
ZDF rats
The effect of L-ido-AMP-DNM and AMP-DNM on ob/ob mice was comparatively 
investigated. For this purpose, 7-week old animals were treated for 4 weeks with 
100 mg/kg/d compound. Treatment with AMP-DNM and L-ido-AMP-DNM resulted 
in signifi cant reductions in glycosphingolipids in plasma and liver without affecting 
ceramide levels (Figure 2A, B). Although clear improvements in blood glucose con-
centration, insulin levels, HOMA and HbA1C were observed in L-ido-AMP-DNM 
treated animals, these were signifi cantly smaller than those detected in AMP-DNM 
treated animals (Figure 2C-E). Oral glucose tolerance was comparably improved in 
animals treated with L-ido-AMP-DNM and AMP-DNM (Figure 2F). 

Next, ZDF rats were treated with AMP-DNM and L-ido-AMP-DNM. In addition, 
the effect of Genz-123346 (12, 29, 30), a ceramide analogue that specifi cally inhibits 
glucosylceramide synthase and not intestinal glycosidases, was studied. For 4 weeks 
treatment with all these compounds resulted in signifi cant reductions of plasma and 
liver glycosphingolipids without changes in ceramide content (Figure 3A, B). Similar 
to the fi ndings with ob/ob mice, treatment of ZDF rats with AMP-DNM resulted in 
more prominent improvements in blood glucose concentration and HbA1C com-
pared to treatment with L-ido-AMP-DNM or GENZ-123346 (Figure 3 C, D). 

Different effects of AMP-DNM and L-ido-AMP-DNM on sucrose 
assimilation
Next, we investigated the effect of AMP-DNM and L-ido-AMP-DNM on the uptake 
of glucose from orally administered sucrose. For this purpose, 7-week old ob/ob 
mice were treated for 4 weeks with 100 mg/kg/d compound or no addition. Sucrose 
(1g/kg) was orally administered, and blood glucose was monitored. The increase 
of blood glucose and its clearance from the circulation was slower in AMP-DNM 

Figure 3. Effects of AMP-DNM, ido-AMP-DNM treatment on GSLs and glycemic control in ZDF rats and 
comparative values in untreated normal mice. Animals were treated for 4 weeks daily with indicated amount of 
compound per kg bodyweight. Panel A: plasma content (nmol/ml) of GSLs: ceramide (black); glucosylceramide (grey); 
total gangliosides (white). Panel B: liver content (nmol/g) of GSLs: (left to right) ceramide/10; glucosylceramide; 
lactosylceramide; GM3; GM2; GM2-glycol/10; GD1a. Panel C: HbA1c. Panel D: Blood glucose.
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treated mice than in L-ido-AMP-DNM treated animals (Figure 4A). The AUC for the 
fi rst hour after sucrose administration of AMP-DNM and L-ido-AMP-DNM treated 
mice differed signifi cantly (975 ± 75, 840 ± 65 mM.min, p<0,05). After one week, the 
same animals received orally glucose (0,5 g/kg). No differences were noted in the 
kinetics of glucose appearance and disappearance from the blood when AMP-DNM 
treated mice were compared with L-ido-AMP-DNM treated animals (Figure 4B). 
Untreated ob/ob mice showed higher blood glucose concentrations and impaired 
glucose tolerance upon administration of sucrose or glucose due to their insulin 
resistance. 

Discussion

In our earlier study, we have demonstrated that the GCS inhibitor, AMP-DNM, has 
dramatic benefi cial effects on the insulin resistance and hyperglycemia seen in ZDF 
rats, ob/ob mice and high-fat diet–induced glucose-intolerant mice via a mechanism 
that does not require a reduction in food intake or loss of bodyweight (13). In the 
ZDF type 2 diabetes model, protection of the pancreas by AMP-DNM was also 
observed. Given the ability of AMP-DNM to also inhibit the activity of intestinal gly-
cosidases like sucrase in vitro, we considered the possibility that the compound might 
not only reduce visceral glycosphingolipids but also buffer intestinal carbohydrate 
assimilation in treated animals. Indeed, the assimilation of sucrose in ob/ob mice was 

Figure 4. Effect of AMP-DNM and ido-AMP-DNM 
treatment on blood glucose following exposure to 
oral sucrose and glucose administration. Animals 
were treated for 6 weeks daily with no iminosugar, 
100 mg of AMP-DNM or 100 mg ido-AMP-DNM per 
kg bodyweight. Open diamond is control AM-II diet, 
open square is AMP-DNM diet and open circles is 
ido-AMP-DNM diet.
Upper panel: At week 4, sucrose (1g/kg) was orally 
administered, and blood glucose was monitored. AUC 
(mM.min) during the fi rst hour of control, AMP-DNM 
and ido-AMP-DNM treated animals was 1325 ± 210, 
975 ± 75, 840 ± 81, respectively. 
Lower panel: At week 5, the same animals received 
orally glucose (0,5 g/kg), and blood glucose was 
monitored. AUC during the fi rst hour of control, 
AMP-DNM and ido-AMP-DNM treated animals was 
1560 ± 245, 1090 ± 95, and 1105 ± 85, respectively.
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found to be buffered in AMP-DNM treated animals. This dual action of AMP-DNM is 
not surprising since the structurally related Miglitol (N-(1-hydroxyethyl)-1-deoxyno-
jirimycin) positively affects glucose homeostasis via its specifi c inhibition of intestinal 
glycosidases. Based on this mechanism of action Miglitol is registered as anti-diabetic 
drug (17). Miglitol itself does not inhibit glucosylceramide synthase as measured with 
cultured cells (13), and our present investigation rendered no indication that some 
metabolite is formed that causes visceral glycosphingolipid reduction. The develop-
ment of Miglitol as anti-diabetic drug was stimulated by the ancient use in the Far 
East of iminosugar-rich mulberry leaves to control hyperglycemia (31). Very recently, 
it has indeed been demonstrated that, compared with a placebo, co-ingestion of 
mulberry extract with 75 g sucrose reduced the increase in blood glucose observed 
over the initial two hours of testing in control and type 2 diabetic subjects (32).
The realization of dual effects exerted by AMP-DNM raised the question of the 
relative importance of buffering of carbohydrate assimilation on the one hand, and 
visceral glycosphingolipid lowering on the other hand, for the improved glycemic 
control in AMP-DNM treated animals. To dissect the two actions of AMP-DNM, we 
looked into the possibility to generate more specifi c analogues. 
Evaluation of known iminosugar-based inhibitors combined with the design and 
preparation of novel analogues has shown that the C-4/ C-5 confi guration of the 
iminosugar and the type of substitution on the endocyclic nitrogen are critical 
for potent inhibition of GCS. In general, iminosugars with D-gluco-, D-galacto 
and L-ido-stereochemistry in combination with a hydrophobic substituent on the 
endocyclic nitrogen inhibited GCS. Substitution with 5-adamantane-1-yl-methoxy)-
pentyl (AMP) provided the most potent inhibitors of GCS. Epimerization of the 
C-5 position of AMP-DNM greatly reduced inhibition of intestinal glycosidases 
and slightly increased the inhibitory potency for GCS, making L-ido-AMP-DNM 
the most potent iminosugar-based GCS-selective inhibitor reported to date. In 
order to further evaluate the effects of confi gurational manipulation and endo-
cylic nitrogen substitution on the inhibitory capacity and specifi city we tested the 
iminosugars reported in Table 1A and 1B on four additional enzymes known to be 
inhibited by AMP-DNM. These enzymes are the glycogen debranching enzyme and 
lysosomal acid α-glucosidase, and the glucosylceramide metabolism related lyso-
somal glucocerebrosidase (GBA1) and non-lysosomal glucosylceramidase (GBA2) 
(13). The individual IC50 values of the iminosugars for these enzymes are shown in 
SI. Of note, compared to AMP-DNM, L-ido-AMP-DNM is a much poorer inhibitor 
of glucocerebrosidase (IC50 1.0 μM versus 0.2 μM), acid α-glucosidase (IC50 > 1 
mM versus 0.4 μM ), and debranching enzyme (IC50 > 1 mM versus 10 μM), which 
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further emphasizes its specifi city in GCS inhibition. 
The generation of L-ido-AMP-DNM allowed us to dissect the two actions of AMP-
DNM. We established that L-ido-AMP-DNM also in obese mice inhibits GCS com-
parably to AMP-DNM, and and does not effectively buffer sucrose assimilation by its 
lack of sucrase inhibition. Treatment of ob/ob mice and ZDF rats with L-ido-AMP-
DNM demonstrated that sole reduction of visceral glycosphingolipids is suffi cient 
to induce major improvements in blood glucose, HbA1C, oral glucose tolerance and 
insulin signaling in the liver. These fi ndings are consistent with the observation that 
Genz-123346, that does not affect intestinal glycosidases and carbohydrate assimila-
tion, helps to control hyperglycemia (12). Importantly, our study also points out that 
the concomitant inhibition of intestinal carbohydrate assimilation by AMP-DNM 
adds to its prominent benefi cial effect on glycemic control (see scheme). 

Scheme 1. Proposed model 
for improved glycemic 
control by dual action (A/
B) of AMP-DNM in type 2 
diabetes.
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A considerable drawback of compounds that buffer carbohydrate assimilation by 
virtue of inhibition of intestinal glycosidases are the associated intestinal complaints 
that lower drug compliance. L-ido-AMP-DNM does not affect intestinal glycosidases. 
In this respect, the compound is an appealing drug, particularly for conditions in 
which the exclusive lowering of visceral glycosphingolipid levels is desirable without 
the need for buffering of carbohydrate assimilation. Examples in this respect are the 
inherited glycosphingolipidoses, such as Gaucher disease, Sandhoff disease, Tay-Sachs 
disease and Fabry disease (15). In all these disorders, a particular glycosphingolipid 
accumulates in the lysosomes due to an inherited defi ciency in a catabolic lysosomal 
glycosidase. Reduction of glycosphingolipid biosynthesis by inhibition of glucosyl-
ceramide synthase is envisioned to be benefi cial in all these conditions (15, 33, 
34). Miglustat (N-butyl-1-deoxynojirimycin) has been registered as orphan drug for 
the treatment of mild to moderate type 1 Gaucher disease, and has proven to be 
effi cacious (26, 35). Given the signifi cantly improved features of L-ido-AMP-DNM as 
compared to Miglustat, such as better bioavailability, specifi city and potency of inhi-
bition of glucosylceramide synthase, it seems warranted to investigate its potential 
as therapeutic agent for inherited glycosphingolipidoses. 

In summary, AMP-DNM exerts benefi cial effects on glycemic control by virtue of its 
dual lowering of visceral glycosphingolipids and buffering of carbohydrate assimila-
tion. This dual action is desirable for control of hyperglycemia, a hallmark of type 2 
diabetes. The analogue of AMP-DNM we developed, L-ido-AMP-DNM, specifi cally 
inhibits glycosphingolipid biosynthesis and may be of interest to intervene in inher-
ited glycosphingolipidoses. The outcome of this study also indicates that tailored 
iminosugars can be developed for specifi c therapeutic indications by designing them 
to exclusively act on glycosphingolipid metabolism or on other related glycoprocess-
ing pathways. 
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Abstract
Objectives and background
Adipose tissue is a critical mediator in obesity-induced insulin resistance. Previously 
we have demonstrated that pharmacological lowering of glycosphingolipids and sub-
sequently GM3 by using the iminosugar AMP-DNM, strikingly improves glycemic 
control. Here we studied the effects of AMP-DNM on adipose tissue function and 
infl ammation in detail to provide an explanation for the observed improved glucose 
homeostasis. 

Methods
Leptin-defi cient obese (LepOb) mice were fed AMP-DNM and its effects on insulin 
signalling, adipogenesis and infl ammation were monitored in fat tissue. 

Results
We show that reduction of glycosphingolipid biosynthesis in adipose tissue of LepOb 
mice restores insulin signalling in isolated ex vivo insulin-stimulated adipocytes. We 
observed improved adipogenesis as the number of larger adipocytes was reduced 
and expression of genes like peroxisome proliferator-activated receptor (PPAR) 
γ, insulin responsive glucose transporter (GLUT)-4 and adipsin increased. In addi-
tion, we found that adiponectin gene expression and protein were increased by 
AMP-DNM. As a consequence of this improved function of fat tissue we observed 
less infl ammation, which was characterized by reduced numbers of adipose tissue 
macrophages (crown-like structures) and reduced levels of the macrophage chemo 
attractants monocyte-chemoattractant protein-1 (Mcp-1/Ccl2) and osteopontin 
(OPN). 

Conclusion
In conclusion, pharmacological lowering of glycosphingolipids by inhibition of gluco-
sylceramide biosynthesis improves adipocyte function and as a consequence reduces 
infl ammation in adipose tissue of obese animals.
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Introduction 

Adipose tissue essentially contributes to the obesity-driven insulin resistance syn-
drome as it can buffer excess of energy and secretes adipokines, which control me-
tabolic homeostasis. However, it is not exactly understood how obesity causes this 
insulin resistance. Some extreme obese individuals are still able to handle increased 
glucose loads, whereas mildly obese individuals show severe insulin resistance and 
type 2 diabetes. This suggests that not the absolute amount of adipose tissue per se 
determines the development of insulin resistance, but that alternative explanations 
are possible. As long as adipose tissue can expand, in other words can store excess 
free fatty acids (FFA), this prevents occurrence of insulin resistance [1–6]. 

Two nonexclusive mechanisms have been proposed, which may explain how adipo-
sity contributes to insulin resistance. It has been suggested that an increase in adi-
posity causes a state of low grade chronic infl ammation. Endothelial cells, adipocytes 
and recruited infl ammatory adipose tissue macrophages (ATM) all contribute to the 
pro-infl ammatory environment in adipose tissue of obese individuals. The presence 
of this ensemble is thought to promote insulin resistance [7–14]. The initiation of 
the infl ammatory response is incompletely understood, but is in part attributed to 
adipocytes. It is thought that at the onset of the infl ammatory response adipocytes 
undergo necrotic-like death. This results in local autonomous infl ammation, and 
the presence of ATM, forming so-called crown-like structures [15]. The recruited 
infl ammatory macrophages produce additional chemokines and cytokines, result-
ing in worsening of infl ammation and subsequent insulin resistance. For example, 
monocyte-chemo attractant protein-1 (Mcp-1, also referred to as Chemokine (C-C 
motif) ligand 2, Ccl-2) and its receptor, chemokine-receptor-2 (Ccr-2), have both 
been reported to modulate infi ltration of macrophages into adipose tissue, thereby 
contributing to insulin resistance [16– 18]. In addition, it has been demonstrated that 
osteopontin (OPN) is increased in adipose tissue of mice receiving a high fat diet. 
ATM are the main producers of OPN during development of dietinduced obesity. 
OPN has been shown to amplify Ccl-2 mediated migration of macrophages [19]. 
Mice lacking a functional OPN gene, despite being obese, are insulin sensitive. Their 
adipose tissue shows decreased macrophage infi ltration and reduced infl ammation. 

Alternatively, increased lipotoxicity may cause insulin resistance. If the amount of 
fuel that enters tissue cannot be dealt with, either from the oxidation, or storage, 
point of view, metabolites are generated which interfere with insulin action, either 
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directly or indirectly [4,20,21]. Lipid metabolites, for instance ceramide species, 
are of particular interest here. Obesity is characterized by increased levels of FFA. 
Importantly, FFA have been reported to trigger pro-infl ammatory responses in mac-
rophages by acting on toll like receptors [22–24], and thus could act as intermedi-
ates in the vicious cycle promoting insulin resistance and infl ammation. 
The mechanism(s) by which FFA are causing these effects are still largely unknown. 
FFA, such as palmitate, are essential building blocks of glycosphingolipids (GSL) 
[25,26]. Several lines of evidence, obtained both in vitro and in vivo, point to a 
crucial role of GSL in the development of insulin resistance. Ceramide is reported 
to contribute to impaired insulin signalling [27]. More recently, glycosphingolipids 
like the ganglioside GM3 have also been shown to inhibit insulin signalling [28–32]. 
Of interest, the concentration of GM3 in cultured adipocytes is markedly increased 
by the pro-infl ammatory cytokine TNF-α [29]. 
It has been demonstrated by us that inhibition of glucosylceramide synthase (GCS) 
activity with N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-
DNM) corrects insulin resistance in cultured adipocytes from obese individuals and 
3T3 cells exposed to TNF-α [33]. The importance of glycosphingolipids in obesity-
induced insulin resistance has recently been further illustrated by pharmacological 
interventions in animal models [33,34]. We observed that inhibition of glucosylce-
ramide synthase (GCS) activity in several rodent models of obesity reverses the 
insulin resistance syndrome. Feeding rodents with AMP-DNM lowered circulating 
glucose and HbA1c levels, improved oral glucose tolerance, improved insulin sensi-
tivity in muscle and liver and resulted in b cell preservation [33]. In addition, inhibi-
tion of GCS using (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 (Genz-123346) 
showed comparable improved glycemic control and insulin resensitizing effects [34]. 
It has very recently also been reported that reduction of ceramide synthesis by 
inhibition of serinepalmitoyl transferase using myriocin, or via the inactivation of 
the dihydroceramide desaturase-1 gene, reduces insulin resistance in rodents, either 
evoked by glucocorticoids or saturated free fatty acids, or in obese animals [35]. 

Given the dramatic benefi cial responses in glycemic control of obese animals follow-
ing exposure to the iminosugar AMP-DNM, we investigated whether inhibiting GCS, 
next to a direct benefi cial effect on adipocytes, also consequently was refl ected by 
reduced infl ammation in adipose tissue of leptin-defi cient obese (LepOb) mice. 
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Materials and Methods 

Animals 
C57BL/6J control mice and leptin-defi cient obese (LepOb) mice (C57BL/6J back-
ground) were obtained from Harlan (Horst, the Netherlands). Animals, n= 5 per 
group unless stated differently, were fed a commercial chow diet (AM-II) with or 
without 100 mg AMP-DNM/kg bodyweight per day for four weeks (Arie Blok BV, 
Woerden, the Netherlands). AMP-DNM has been synthesized as described previ-
ously [33,51]. Studies were initiated using 7 week old male mice. Approval for the 
study was obtained from the local ethical committee for animal experiments. 

Plasma and tissue sampling 
Blood samples were collected by either tail vein or retro orbital plexus puncture. 
After four weeks animals were sacrifi ced and a large blood sample was collected 
by cardiac puncture. Subsequently, tissues were quickly removed and either used 
directly, or immediately placed in liquid nitrogen or fi xed in formalin for further 
analysis. 

Measurement of blood glucose, HbA1c, insulin and oral glucose 
tolerance 
Blood glucose levels were determined in plasma of non-fasted animals using a 
Glucometer (Ascensia Elite, Bayer A.G., Leverkusen, Germany). HbA1c levels were 
measured in whole blood of non- fasted animals using a single measurement A1C 
now device (Metrika, Sunnyvale, USA). Fasted insulin levels were determined by 
ELISA (Crystal Chem Inc, USA). Oral Glucose Tolerance Tests (OGTT) were per-
formed in fasted animals (4 h) by gavage of glucose (500 mg glucose/kg body weight). 
Blood glucose values were measured immediately before and 20, 40, 60, 90 and 120 
min after glucose loading. Area under the curve (AUC) (arbitrary units per minute) 
was determined for individual animals. 

Analysis of lipids
Lipids were extracted according to Folch et al. [52]. Ceramide and glucosylceramide 
were determined by high-performance liquid chromatography (HPLC) analysis of 
orthophtaldehydeconjugated lipids according to a procedure previously described 
[53]. Deacylation of lipids was performed in 0.5 ml 0.1 mol/l NaOH in methanol in 
a microwave oven (CEM microwave Solids/Moisture System SAM-155). Deacylated 
glycolipids were derivatized on line for 30 min with O-phtaldehyde. Analysis was 
performed using an HPLC system (Waters Associates, Milford, USA) and a Hypersil 
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BDS C18 3 m, 15064.6-mm reverse-phase column (Alltech Inc., USA). 
GM3 was detected by analysis of the acidic glycolipid fraction obtained by Folch extrac-
tion as has been described previously with slight modifi cations [54]. Gangliosides 
were desalted on a disposable SPE C18 column (Bakerbond, Mallinckrodt Baker Inc., 
Phillipsburg, NJ, USA) as described by Kundu [55] and quantifi ed following release 
of oligosaccharides from glycosphingolipids by ceramide glycanase (Recombinant 
endoglycoceramidase II, Takara Bio Inc., Otsu, Shiga, Japan) digestion. The enzyme 
was used according to the manufacturer’s instructions. Released oligosaccharides 
were labeled at their reducing end with the fl uorescent compound anthranilic acid 
(2-aminobenzoic acid), prior to analysis using normal-phase high-performance liquid 
chromatography [56]. Throughout the procedure trisialoganglioside- GT1b (Sigma, 
St Louis, Mo, USA) was used as an internal standard. 

Ex vivo analysis of insulin signalling in freshly isolated adipocytes 
Epididymal white adipose tissue (EWAT) of LepOb mice and AMP-DNM fed LepOb 
mice was surgically removed and exposed to collagenase treatment. Collagenase VIII 
(Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) was diluted at 1 mg/ml in 
buffer (16HBSS, 20 mM Hepes (pH = 7.4), 4.17 mM Sodiumbicarbonate and 2% fatty 
acid free BSA). Fat tissue was cut into small pieces and incubated for 15 min at 37uC. 
Next, adipocytes were enriched for by density centrifugation for 5 min at 250*g. 
Floating adipocytes were washed for three times. Subsequently, adipocyte-enriched 
cell suspensions were stimulated with or without insulin (100 nM, Sigma-Aldrich) 
for 10 min followed by cell lysis in RIPA (150 mM NaCl, 10 mM Tris pH 7.2, 0.1% 
SDS, 1% Triton, 1% deoxycholate, 5 mM EDTA) buffer, supplemented with protease 
inhibitors (Roche, 1 tablet per 20 ml of lysis buffer). Equal amounts of total protein 
in lysates were separated by SDS-PAGE, followed by standard ECL on immunoblots 
using anti-pSer473 Akt, and anti-total Akt (Cell Signaling Technology, Inc., USA) and 
goat anti-mouse peroxidase (Biorad) [33]. 

Immunohistochemistry of adipose tissue macrophages and adipocytes 
EWAT was fi xed in buffered formalin and embedded in paraffi n. Deparaffi nized sec-
tions (4 mm) were stained with haematoxylin-eosin. After quenching of endogenous 
peroxidase activity by 0.3% H2O2 in methanol and blocking of free proteinbinding 
sites with 5% normal goat serum, sections were immunostained for macrophages 
using rat IgG2b anti-mouse F4/80 monoclonal antibody (AbD Serotec, Oxford, UK). 
In some cases, doublestaining was performed for perilipin using a monospecifi c 
guinea pig polyclonal antibody (Progen, Heidelberg, Germany). Specifi c secondary 
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antibodies were peroxidase (HRP)-conjugated goat anti-rat IgG (SouthernBiotech, 
Birmingham, AL) and biotinylated goat anti-guinea pig IgG (Chemicon, Temecula, CA), 
respectively. The latter was followed by alkaline phosphatase-conjugated streptavi-
din (DAKO, Glostrup, Denmark). Bound HRP activity was visualized using either 
diaminobenzidine or NovaRed (Vector Laboratories, Burlingame, CA) as substrates; 
Vector Blue was used to detect AP activity. Hematoxylin-and-eosin-stained 6-mm-
thick sections of EWAT and of omental adipose tissue (OAT) were analyzed using 
a Leica DM5000B microscope with 106 objective (Leica, Rijswijk, The Netherlands) 
and Image Pro Plus 5.02 software (Media Cybernetics, Bethesda, MD) to measure the 
crosssectional surface area of individual adipocytes as an indicator of adipocyte cell 
size. To eliminate analysis of vessels and interstitial cells a lower threshold of 1000 
mm2 was applied. Of each mouse at least 150 adipocytes were measured in OAT 
and in EWAT. Differences between average values of groups of mice were statisti-
cally evaluated with the Kruskal Wallis rank sum test and the Mann-Whitney U test. 
In addition, data are presented as cumulative frequency distributions. Differences 
were evaluated applying the 2-tailed Kolmogorov-Smirnov Z test. Statistical analysis 
was performed using SPSS 16.0 (SPSS Inc., Chicago, Il). 
Crownlike structures (CLS) were identifi ed in EWAT sections as single adipocytes 
surrounded by at least 4 F4/80-positive macrophages; CLS were counted in at least 
25 mm2 of EWAT surface area. 

RNA extraction and real time PCR 
Total RNA was extracted from EWAT using TRIZOL (Invitrogen, Breda, The 
Netherlands) and the nucleospin II extraction kit (Macherey-Nagel GmbH, 
Duren, Germany). RNA concentrations were measured using the Nanodrop 
Spectrophotometer (Nanodrop Technologies, USA). Equal amounts of RNA were 
used to synthesize cDNA, according to the manufacturer’s method (Invitrogen). 
cDNA was diluted 106 prior to genespecifi c analysis by real-time RT-PCR using an 
iCycler MyiQTM system (Biorad Laboratories, Hercules, USA). Expression levels 
were normalized to ribosomal phosphoprotein 36B4. As primers were used: 36B4 
forward primer ggacccgagaagacctcctt, reverse primer gcacatcactcagaatttcaatgg; 
Pparc forward primer ggaagaccactcgcattcctt, reverse primer tcgcactttggtattcttggag; 
GLUT4 forward primer ctcatgggcctagccaatg, reverse primer gggcgatttctcccacatac; 
Adipsin forward primer tccgcccctgaaccctacaa, reverse primer taatggtgactaccccgtca; 
ACRP30/adiponectin forward primer gctcctgctttggtccctccac, reverse primer gccct-
tcagctcctgtcattcc; F4/80 forward primer ctttggctatgggcttccagtc, reverse primer 
gcaaggaggacagagtttatcgtg. CD11c/Itgax forward primer ctggatagcctttcttctgctg, 



54

reverse primer gcacactgtgtccgaactc. C/EBPa forward primer ttacaacaggccaggtttcc, 
reverse primer ctctgggatggatcgattgt. aP2/FABP4 forward primer gcgtggaattcgatgaaat-
ca, reverse primer cccgccatctagggttatga. Pref1 forward primer agctggcggtcaatatcatc, 
reverse primer agctctaaggaaccccggta. Data were analysed using the delta Ct method 
[57]. Alternatively, RT2 Profi lerTM PCR arrays were used to monitor 84 mouse 
infl ammatory cytokine and receptor genes with build in house hold genes (Super 
Array Bioscience Corporation, MD, USA). For cDNA synthesis the RT2 PCR array 
fi rst strand kit was used according to the instruction of the manufacturer (Super 
Array Bioscience Corporation). In supplementary data table S1, the analyzed genes 
are listed. 

ELISA 
Ccl2/Mcp-1, osteopontin/OPN, and adiponectin/Acrp30 were measured by ELISA 
according to the instructions of the manufacturer (R&D systems, Inc., Minneapolis, 
USA). Adiponectin was analysed in plasma samples of lean, LepOb and AMP-DNM 
treated LepOb mice by westernblot, using goat anti-mouse adiponectin antibody 
(R&D systems). Statistical analysis Values presented in fi gures represent means± 
S.E.M. Statistical analysis of two groups was assessed by Student’s t-test (two tailed). 
Level of signifi cance is depicted in the fi gures with the actual P values, p values,0.05 
were considered signifi cant.  

Results 

The glucosylceramide synthesis inhibitor AMP-DNM normalizes glucose 
homeostasis in LepOb mice 
In the present study leptin-defi cient obese LepOb mice were exposed to 100 mg 
AMP-DNM /kg bodyweight/day for 4 weeks. The inhibitor was well tolerated and 
caused no overt side effects. A minor reduction (p = 0.0048) in the percentage of 
body weight gain was noted (166±15 in the LepOb treated with AMP-DNM versus 
202±11 in LepOb). Glucosylceramide, but not ceramide, was reduced in plasma from 
inhibitor treated animals (see table 1). Both glucose homeostasis and insulin signal-
ling were markedly improved. Treated LepOb mice showed (near) normal HbA1c, 
nonfasted blood glucose concentrations and glucose clearance upon oral challenge 
in an oral glucose tolerance test (OGTT). Fasted insulin levels and the homeostatic 
model assessment (HOMA) index, which is clearly increased in LepOb animals, were 
signifi cantly reduced upon treatment. 
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Table 1. Summary of the effects of AMP-DNM on glycosphingolipid content and blood glucose 

homeostasis.
Lean LepOb LepOb 

AMP-DNM

Glucosylceramide (nmol/ml) 6.20±0.58* 12.93±2.08 3.68±0.99*

Ceramide 

(nmol/ml) 

6.77±1.38* 15.47±2.93 12.95±3.02

HbA1C (%) 4.92±0.71* 9.64±1.22 5.08±1.06*

Blood glucose (millimolar) 10.02±0.45* 16.30±3.95 11.58±1.55*

Insulin 

(ng/ml) 

0.72±0.27*  19.91±15.44 4.51±0.67*

HOMA index 6.38±2.45* 259.4±173.8 49.71±25.18*

OGTT (AUC) 1236±114.2* 2266±202.3 1580±33.58*

* indicates signifi cant difference with LepOb control p<0.05

AMP-DNM improves adipocyte function in LepOb mice 
First, the effect of AMP-DNM treatment of LepOb animals on adipocyte function 
was investigated. For this purpose, tissue slides stained with haematoxylin and eosin 
were examined. Adipocytes appeared larger in LepOb mice when compared to 
those in lean mice (Fig. 1B versus 1A). When analyzing the average EWAT adipocyte 
size, calculated per animal, we observed a signifi cant difference (p<0.0001) between 
lean mice (2923±455 mm2) and LepOb mice (7992±494 mm2). We however did not 
observe a signifi cant difference between LepOb animals and AMP-DNM treated 
animals (Fig. 1A–C). 

Interestingly, when studying individual adipocytes we observed a change in distribu-
tion of size (Fig. 1D). As expected the adipocytes in lean mice (black curve) were 
predominantly smaller than adipocytes in LepOb mice (red curve). Following treat-
ment with AMP-DNM a reduction of the median adipocyte size was observed in 
LepOb mice (green curve), mainly due to a shift to the left of the 2nd and 3rd quartiles 
of the distribution, refl ecting reduced numbers of the large adipocytes. Adipocyte 
size did not normalize to sizes observed in lean mice. The distribution frequencies 
were analysed in detail by using a non parametric 2-tailed Kolmogorov-Smirnov Z 
test. The distributions are signifi cantly different (lean versus LepOb p≤0.0005; LepOb 
versus LepOb+AMP-DNM p = 0.002). We also studied adipocytes in the omental 
adipose tissue (OAT) depot. In general the adipocyte sizes appeared smaller in the
OAT depot when compared to the EWAT depot. We observed a comparable shift
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to the left with AMP-DNM and the distributions again appeared signifi cantly dif 
ferent using the Kolmogorov-Smirnov Z test (lean versus LepOb p≤0.0005; LepOb 
versus LepOb+AMP-DNM p,0.0005) (data not shown). The amount of EWAT in LepOb 
animals (both pads 3920±175.1mg) tended to be lower upon AMP-DNM treatment 
(both pads 336±655 mg), but the reduction failed to reach signifi cance (p=0.10) (Fig. 
1E). No signifi cant reduction in EWAT weight was observed when normalized for 
body weight. 

In adipose tissue we observed a signifi cant reduction of GM3 (4.55±0.32 pmol/mg 
versus 1.93±0.57 pmol/mg), again without affecting ceramide (52.42±8.61 pmol/mg 
versus 62.97±24.2 pmol/ mg) (Fig. 2A).We next studied insulin signalling in adi-
pocytes, which were isolated from EWAT of LepOb mice, or LepOb mice exposed to 
AMP-DNM. When adipocytes were stimulated ex-vivo with insulin for 10 min no 
phosphorylation of Akt/PKB was observed in LepOb derived adipocytes, whereas 
in the case of cells from treated animals clear phosphorylation of Akt/PKB was 
detected (Fig. 2B). 

Figure 1. Adipose tissue analysis after lowering of glycosphingolipid content. Haematoxylin and eosin staining of 
adipose tissue of (A) lean mice, (B) LepOb mice and (C) LepOb mice following reduction of glycosphingolipid content. 
(D) Analysis of adipocyte cell size distribution in lean mice (black line), in LepOb mice (red line) and in AMP-DNM 
treated LepOb mice (green line). (E) EWAT weight. Data are depicted on the Y-axis as mean±S.E.M. (n = 5 per 
group). Actual p values are depicted in the graphs. Bars in the photographs represent 100 mm. The arrows in panel 
B indicate crown-like structures. For the distribution of adipocyte size at least 150 cells were analysed per animal 
(for details see methods). 
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The expression of several key genes involved in adipogenesis was analyzed. Comparing 
LepOb EWAT with comparable lean tissue, a 3-fold decrease in expression of peroxi-
some proliferatoractivated receptor (PPAR)γ, an 80-fold decrease in expression of 
the adipocyte-specifi c serine protease adipsin and a 4-fold decrease in expression of 
the insulin responsive glucose transporter GLUT4 was detected using real-time PCR 
(Fig. 2 C–E). Decreased expression of these genes is in line with the reported loss of 
adipocyte differentiation and function in LepOb mice [36–42]. Interestingly, all these 
markers showed a signifi cant increase when compared to untreated LepOb mice 
upon inhibition of glucosylceramide synthesis; Pparγ (2-fold), adipsin (6-fold) and 
GLUT-4 (3- fold), suggesting that adipogenesis is normalizing. A comparable pattern 
was also observed for CCAAT/enhancer binding protein (C/EBP)α and adipocyte 
fatty-acid-binding protein, aP2/(FABP4). On the other hand adipogenesis inhibiting 
Pref1 was undetectable in lean and AMP-DNM treated animals, but was detected in 
LepOb mice (data not shown). 

Figure 2. Restoration of insulin signalling and normalization of adipogenesis, following lowering of adipose tissue
glycosphingolipid content (A) Reduction of GM3 concentration (open bars, left Y-axis), but not ceramide (hatched 
bars, right Y-axis), in adipose tissue by AMP-DNM (B) Restoration of insulin signalling by insulin as demonstrated 
by western blot analysis of AKT phosphorylation. Adipogenesis is improved as is demonstrated by real time PCR 
analysis of (C) Pparg (D) adipsin and (E) GLUT4. In the graphs values are depicted as mean±S.E.M. (n = 5 per group), 
with p values indicated in the graphs * p<0.05, ** p<0.01 and *** p<0.001
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Importantly, we also observed that expression of the adipokine adiponectin/Acrp30  
increased in the presence of AMP-DNM. Adiponectin RNA was 5-fold decreased 
in LepOb mice compared to normal, and increased by 3-fold in adipose tissue of 
AMP-DNM treated obese mice (Fig. 3A). Adiponectin protein levels in adipose 
tissue lysates and in serum were determined. In adipose tissue a 2-fold decrease 
was observed in LepOb mice when compared to lean mice. AMP-DNM treatment 
signifi cantly increased (1.3-fold) adiponectin in adipose tissue (Fig. 3B). Serum adi-
ponectin levels were 1.4-fold decreased in LepOb mice compared to lean control 
mice. Adiponectin showed a 1.2-fold increase in AMP-DNM treated animals, failing 
to reach signifi cance (p= 0.10) (Fig. 3C). By western blot analysis we observed that 
several middle molecular weight species of adiponectin were lower in LepOb mice 
when compared to lean mice. Following treatment with AMP-DNM this almost nor-
malized to levels observed in lean mice (Fig. 3D). 
In conclusion, inhibition of synthesis of glucosylceramide and glycosphingolipids 
directly benefi cially affects features of adipocytes in adipose tissue of LepOb mice, 
including insulin sensitivity and adipogenesis.        

Figure 3. Inhibition of glycosphingolipid synthesis increases adiponectin expression. Correction of the adipokine 
adiponectin/Acrp30 as demonstrated by (A) real time PCR and analysis of protein levels in (B) adipose tissue and 
(C) plasma by ELISA. (D) Westernblot analysis of adiponectin protein in plasma. In the graphs values are depicted 
as mean
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AMP-DNM reduces macrophages in adipose tissue
As we clearly observed improved adipocyte function, we next investigated whether 
AMP-DNM treatment consequently also reduced the infl ammatory status of 
adipose tissue in LepOb mice. Recently it has been demonstrated that non-viable 
adipocytes in leptin receptor-defi cient mice and obese human subjects lack per-
ilipin protein [15,43]. Using immunohistochemistry double staining, we confi rmed 
this also in LepOb mice. The crown-like structures showed F4/80 positive adipose 
tissue macrophages (ATM) surrounding an adipocyte, which lost perilipin positive 
signal (Fig. 4A). As expected, we observed F4/80 + crown-like structures, i.e. ATM 
surrounding dead adipocytes, in tissue specimens of obese animals (Fig. 1B, Fig. 4B 
indicated with arrows). In tissue specimens of lean animals these structures could 
not be detected and they were hardly detectable in LepOb mice treated with the 
iminosugar AMP-DNM (Fig. 1A, C and Fig. 4C). Next, we analyzed the number of 
F4/80 positive crown-like structures in LepOb animals and in AMP-DNM fed LepOb 
animals. Representative images are depicted in Fig. 4B and C (indicated by arrows is 
the F4/80 staining, Fig. 4B). A graph summarizing the quantitative analysis of crown-
like structures is depicted in Fig. 4D.

Figure 4. Reduced macrophage content in adipose tissue after treatment with the iminosugar AMP-DNM. (A) 
Immunohistochemical analysis of crown-like structures in LepOb mice using double staining for F4/80 (red) and 
perilipin (blue). F4/80 staining in (B) LepOb and (C)AMP-DNM fed LepOb mice. (D) Quantifi cation of crown-like 
structures (E) Real time PCR analysis of F4/80 expression and (F) CD11c expression. Data are depicted as mean±S.
E.M. (n = 5 per group). p values are depicted in the graphs with * p<0.05, ** p<0.01 and *** p<0.001. Bars in the 
photographs represent 100 mm.
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Real time PCR showed a consistent reduction in F4/80 mRNA in the AMP-DNM 
fed LepOb mice. F4/80 mRNA was approximately 4-fold increased in LepOb adipose 
tissue and normalized in treated LepOb mice (Fig. 4E). Furthermore, CD11c gene 
expression, which is found on recruited proinfl ammatory ATM, normalized follow-
ing treatment with AMP-DNM (Fig. 4F) [24,44]. These fi ndings indicate that AMP-
DNM treatment results in less crown-like structures and near normalisation of ATM 
numbers in EWAT of LepOb mice. 

Anti-infl ammatory effect of AMP-DNM 
Next, we studied infl ammation in adipose tissue in more detail by analysing gene 
expression profi les in EWAT from lean C57BL/ 6J control mice, LepOb mice and 
LepOb mice treated with AMPDNM. Q-PCR arrays were used, focussing on infl am-
matory cytokines and receptors (analyzed genes are listed in Supplementary data 
table S1). The most regulated genes are shown in table 2. AMP-DNM treatment 
of LepOb mice most pronouncedly effected expression of osteopontin/OPN (on 
average 20-fold increased in LepOb and 2.5-fold reduced upon treatment) and Ccl2 
(on average 9-fold increased in LepOb and 2.5- fold reduced upon treatment (Fig. 5A, 
C). As measured by ELISA, Ccl2 in serum of LepOb mice was also found to be lower 
upon treatment (Fig. 5B). OPN in serum of LepOb mice was hardly increased, but 
reduced by AMPDNM treatment (Fig. 5D). The mRNA encoding the chemokine 
Cxcl11 was on average 10-fold reduced in adipose tissue of LepOb mice. In treated 
animals its concentration was 3-fold increased (see table 2).
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Figure 5. The chemo attractants 
Ccl2 and OPN are reduced in 
adipose tissue and in the circulation 
following treatment with AMP-
DNM. (A) Real time PCR analysis of 
Ccl2 expression in adipose tissue 
(B) Analysis of Ccl2 protein by 
ELISA in plasma
(C) Real time PCR analysis of OPN 
expression in adipose tissue 
(D) Analysis of OPN protein by 
ELISA in plasma. 
Data are depicted on the Y-axis as 
mean±S.E.M. (n = 5 per group). p 
values are depicted in the graphs 
with * p<0.05, ** p<0.01 and *** 
p<0.001
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Table 2. Infl ammatory mediators induced in 
LepOb mice and reverted by AMP-DNM.

            
LepOb versus 

lean
LepOb AMP-DNM 

versus LepOb

Symbol Fold change in expression

Spp1/OPN 20,2* -2,5*

Ccl2 9,1* -2,4*

Il10 6,9* -1,9*

Il3 5,8* -3,6

Ccl7 5,2* -1,8*

Ccl12 4,2* -1,6

Ccl9 3,0* -1,9*

Ccr5 2,4* -1,8*

Itgam 1,8* -1,5*

Tnfrsf1b 1,6* -1,3*

Ccr4 -3,0ns 1,7

Ccl24 -3,7ns 1,6

Cxcl11 -9,7ns 3,1

* indicates siginifi cance p<0.05

Table 4. Infl ammatory mediators not induced 

in LepOb but induced by AMP-DNM.
LepOb 

versus lean
LepOb AMP-DNM 

versus LepOb

Symbol Fold change in expression

Ccr7 -1,9 2,8*

Ccl11 -1,1 1,8*

Ccl22 -1,2 1,7*

Cxcr3 1,0 1,6*

* indicates siginifi cance p<0.05

Table 3. Infl ammatory mediators induced in 
LepOb mice but not reverted by AMP-DNM.

LepOb versus 
lean

LepOb AMP-DNM 
versus LepOb

Symbol Fold change in expression

Ccl8 11,6* -1,4

Il1r2 4,1* -1,5

Il13 3,6* -1,4

Ccl3 2,9* -1,0

Ccl4 2,5* -1,3

Cxcl10 2,5* 1,1

Gusb 2,4* -1,3

Itgb2 2,4* 1,0

Cxcl12 2,0* -1,3

Ccl1 2,0ns  1,3

Tnf 1,9* 1,1

Casp1 1,6* -1,0

Il6st -1,6* -1,0

Ccl25 -1,7* -1,3

Hspcb -1,7* -1,1

C3 -1,8* 1,0

Il16 -1,8* 1,4

Il18 -2,0* 1,1

Abcf1 -2,0* -1,1

Gpr2 -2,1* 1,1

Ccr8 -2,2* 1,3

* indicates siginifi cance p<0.05
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Table 3 shows the genes of which expression did increase in LepOb mice, but was not 
affected by AMP-DNM. Ccl-8 is the most striking in this respect (on average 12-fold 
increased in obese animals but not changed by inhibitor treatment). Furthermore, 
we observed that expression of TNFα increased in LepOb adipose tissue, but AMP-
DNM treatment did not correct this. Table 4 shows the genes of which expression 
was not changed in LepOb, but is affected by AMP-DNM treatment. For none of the 
genes upregulated by AMP-DNM, a clear anti-infl ammatory action is documented. 
In conclusion, two important proteins involved in the recruitment of ATM to adipose 
tissue and local infl ammation, Ccl2 and OPN, were down-regulated in adipose tissue 
after treatment with AMP-DNM.  

Discussion

The present study reveals for the fi rst time that partial inhibition of glucosylce-
ramide biosynthesis, and subsequent glycosphingolipids, not only restores insulin 
sensitivity of adipocytes in LepOb mice, but also improves adipocyte function and 
consequently reduces the number of macrophages (crown-like structures) and local 
infl ammation. EWAT weight showed a trend towards reduction in AMP-DNM fed 
LepOb mice. Possibly, prolonged exposure to AMP-DNM could result in a more sig-
nifi cant reduction. Importantly, the unresponsiveness of the insulin receptor towards 
insulin was found to be reversed in adipocytes isolated from adipose tissue of AMP-
DNM treated LepOb mice. Other relevant changes in the adipose tissue were also 
improved by AMP-DNM treatment. Several genes whose expression is reduced in 
adipose tissue of obese LepOb mice, such as PPARγ, adipsin, GLUT4, C/EBPα and 
aP2/FABP4 showed an increase following AMP-DNM treatment. Pref-1, which nega-
tively regulates adipogenesis, was not detected in lean, or AMP-DNM treated LepOb 

mice. Detailed analysis of adipocyte size revealed that AMP-DNM treatment reduced 
adipocyte size, both in EWAT and OAT. These fi ndings suggest at least partial resto-
ration of normal adipogenesis. Interestingly, we also found an increase in expression 
of the adipokine adiponectin at the level of RNA and protein in adipose tissue. 
In plasma adiponectin levels tended to increase as well and western blot analysis 
revealed an increase of intermediate molecular weight forms of adiponectin in the 
presence of AMP-DNM. Adiponectin has been shown to improve whole body insulin 
sensitivity and shows anti-infl ammatory properties. In vitro, monocyte adherence to 
endothelial cells is reduced by adiponectin as endothelial cell adhesion molecules 
such as intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 are 
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suppressed. In addition, proinfl ammatory mediators such as Ccl2 are suppressed in 
macrophages by adiponectin [36,37,45,46]. Recently, it was reported that modest 
over expression of circulating adiponectin in LepOb mice completely rescued the dia-
betic phenotype in LepOb mice. In addition, increased expression of PPARγ target 
genes and reduced ATM infi ltration in adipose tissue and systemic infl ammation was 
observed. These mice however were morbidly obese, with more adipose tissue than 
their LepOb littermates [5]. The effects induced by over expression of adiponec-
tin resemble those invoked by AMP-DNM. The noted corrections in adiponectin 
in LepOb after AMP-DNM treatment may therefore signifi cantly contribute to the 
remarkable improvement in total body glucose homeostasis in AMP-DNM treated 
mice. The effect of AMP-DNM points towards improved expandability of adipose 
tissue of the mice. In line with the restored adipose tissue function we observed 
that AMP-DNM treatment reduces infl ammation in EWAT as well. Adipose tissue 
of obese individuals is rich in perilipin negative, predominantly dead, adipocytes 
surrounded by macrophages, giving rise to so-called crown-like structures [15,43]. 
AMP-DNM treatment of LepOb mice was found to result in less perilipin-negative 
adipocytes in EWAT, and concomitantly less surrounding ATM. We observed reduced 
CLS formation following treatment with APM-DNM and in line with this fi nding 
macrophage-specifi c F4/80 RNA expression was reduced in treated LepOb mice to 
levels observed in lean controls. Importantly, also CD11c expression normalized and 
this marker is expressed by the infl ammatory macrophages, which are recruited to 
adipose tissue and contribute to insulin resistance [24,44,47,48]. Evidence presented 
here suggests improved adipogenesis. This in turn can also contribute to reduced 
infl ammation taking into account that preadipocytes produce more infl ammatory 
mediators compared to mature adipocytes. More detailed analysis of EWAT revealed 
that several genes whose expression is increased in LepOb mice compared to lean 
control mice, decreased following lowering of glycosphingolipid content. The most 
prominently corrected genes were Ccl2 and OPN. Importantly, both these proteins 
are considered to be essential mediators in the recruitment of infl ammatory macro-
phages towards adipose tissue and to be involved in the induction of insulin resist-
ance [16,19]. OPN is specifi cally induced in ATM during high fat diet induced obesity. 
Ablation of OPN does not interfere with obesity itself, but reduces ATM content, 
infl ammation and improves insulin sensitivity of adipose tissue. In addition, it has 
been demonstrated that OPN promotes Ccl2-mediated migration of macrophages 
to adipose tissue [19]. Increased levels of OPN have also been reported in obese 
human subjects. Interestingly, following weight loss after a dietary intervention a 
signifi cant down-regulation op OPN protein was observed [49]. 
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The reduced number of F4/80 positive macrophages by AMP-DNM fi ts well with the 
fi nding that macrophage-derived chemo-attractants Ccl2 and OPN are concomi-
tantly reduced. Interestingly, an anti-infl ammatory effect of AMP-DNM has previ-
ously been found in a hapten-induced model of colitis, which possibly acts through 
macrophages. Amongst others reduced cellular infi ltration and myeloperoxidase 
activity were found in colon and within lesions lower IFNc and IL-18 production 
was detected [50]. At a dose of 25 mg/kg/day AMP-DNM was found to have no 
signifi cant effect on food intake in LepOb mice [33].
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In the present study a minor reduction in food intake was noted in the animals 
treated with 100 mg/kg/day AMP-DNM. We therefore can not rule out that on top 
of the benefi cial effect of more marked glycosphingolipid lowering, other factors 
add to this. It might be that at the well tolerated higher dose of 100 mg/kg/day, 
AMP-DNM also corrects appetite, energy expenditure, or brown adipose tissue. 
Follow-up investigations are needed to test these possibilities. Fig. 6 represents a 
model giving a possible explanation for our observations regarding the effects of 
glycosphingolipid lowering by AMP-DNM in adipose tissue of obese LepOb mice. 
AMP-DNM inhibits synthesis of glucosylceramide and subsequently GM3 forma-
tion, which results in restoration of insulin signalling. In addition, adipogenesis and 
adiponectin production are improved, all resulting in improved adipocyte function. 
As a consequence infl ammation is reduced because the trigger, a dysfunctional adi-

Figure 6. Proposed mechanism of 
action of AMP-DNM. (A) Pathological 
GM3 levels inhibit insulin receptor 
signalling. Adipocyte dysfunction and 
ultimately its death results in production 
of infl ammatory mediators, reduction 
of adiponectin production and spillage 
of lipotoxic content, which triggers 
macrophage activation and crown-like 
structure (CLS) formation. (B). Lowering 
of glycosphingolipids, especially GM3, 
restores insulin signalling, improves 
adipogenesis, increases adiponectin and 
reduces lipotoxic spillage, all leading to 
less infl ammation and disappearance of 
CLS.
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pocyte undergoing cell death with concomitant macrophage activation, is lost. This 
fi ts our fi nding of reduced numbers of crown-like structures and the reduction 
of the macrophage chemoattractants Ccl2 and OPN. The noted improvement in 
adipose tissue imposed by AMP-DNM treatment might add to the overall correc-
tions in tissues such as muscle and liver [33]. In conclusion, we demonstrate in LepOb 
mice that AMP-DNM exerts multiple benefi cial effects on adipose tissue. Reduction 
of glycosphingolipid content of adipocytes promotes their insulin sensitivity directly 
and stimulates adipogenesis. As a consequence ATM content of adipose tissue is 
reduced and this contributes to a less deleterious environment.   
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Abstract
Objectives and background
Nonalcoholic fatty liver disease (NAFLD) is associated with obesity, insulin resist-
ance, and type II diabetes. The hyperinsulinemia that occurs as a consequence of 
insulin resistance is thought to be an important contributor to the development of 
fatty liver. We have shown that the iminosugar AMP-DNM (N-(5’-adamantane-1’-yl-
methoxy)-pentyl-1-deoxynojirimycin), an inhibitor of the enzyme glucosylceramide 
synthase, is a potent enhancer of insulin signaling in rodent models for insulin resist-
ance and type II diabetes. The present study was designed to assess the impact of 
AMP-DNM on NAFLD in ob/ob mice. 

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

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

The prevalence of the metabolic syndrome is rising dramatically in westernized 
societies [1]. Fundamental features of the metabolic syndrome are obesity, hyper-
glycemia, high blood pressure and elevated triglycerides. These abnormalities are 
considered to be driving forces to develop diabetes and heart disease. However, 
the precise underlying mechanism is still poorly understood and may involve other 
factors as well. Candidates in this respect are low-grade infl ammation throughout 
the body and fatty liver, which both occur in concurrent obesity [2, 3].
The pro-infl ammatory environment that exists in adipose tissue of the majority of 
obese individuals [4] is thought to precede insulin resistance by enhancing deregula-
tion of adipose tissue, leading to adipocyte cell death [5]. Subsequently, increased 
amounts of free fatty acids (FFA) coming from the infl amed adipose tissue, reach the 
liver where they decrease insulin sensitivity [6]. In the liver, insulin resistance pre-
vents suppression of glucose production and this signals the pancreas to produce 
more insulin. Despite hepatic insulin resistance for the glucose homeostasis pathway, 
insulin sensitivity remains for the lipogenic pathway [7]. Hyperinsulinemia triggers 
the activation of SREBP1c, the transcription factor that controls genes in the lipo-
genic pathway such as fatty acid synthase (FAS). The combination of increased fl ux 
of FFA to the liver from dysfunctional adipose tissue, together with induced fatty 
acid synthesis in the liver, leads to lipid accumulation in the liver. Steatosis is the fi rst, 
relatively benign stage of non-alcoholic liver disease. In the next stage non-alcoholic 
steatohepatitis (NASH) can develop that may result in cirrhosis and organ failure 
[8].

Improving sensitivity of the liver for insulin is of outmost importance to break the 
vicious cycle leading from hyperinsulinemia to hepatic steatosis. Suitable insulin-sen-
sitizing agents that enhance pathways that suppress gluconeogenesis and enhance 
peripheral glucose uptake are needed. In this connection, the recent realization 
that insulin sensitivity is modulated by the lipid composition of the membrane har-
bouring the insulin receptor is of interest. Evidence is accumulating that especially 
glycosphingolipids (GSLs) play an important regulatory role in insulin sensitivity 
[9-12]. Present fi ndings suggest that excessive levels of glycosphingolipids modify 
the direct interaction between the insulin receptor and caveolin-1, thereby infl u-
encing the membrane localization and downstream signaling capacity of the insulin 
receptor [13]. In leptin-defi cient ob/ob mice insulin resistance could be a direct 
consequence of  altered GM3 levels, since leptin administration was recently shown 
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Experimental Procedures

Materials
AMP-DNM was synthesized as described [18]. All solvents and reagents used were 
of analytical grade.

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

to affect genes involved in glycosphingolipid synthesis, including GM3  synthase [14]. 
The importance of GM3 in insulin signaling has been confi rmed in studies that use 
inhibitors of glycosphingolipid biosynthesis. Two different classes of inhibitors of 
glucosylceramide synthase were used in these studies: the iminosugar AMP-DNM 
(N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-deoxynojirimycin) and Genz-123346 
((1R,2R)-nonanoic acid[2-(2’,3’-dihydro-benzo [1, 4] dioxin-6’-yl)-2-hydroxy-1-pyr-
rolidin-1-ylmethyl-ethyl]- amide-l-tartaric acid salt). These compounds exert their 
function by reducing the synthesis of glucosylceramide, the precursor for more 
complex glycosphingolipids such as gangliosides. Importantly, pharmacological 
glycosphingolipid lowering was found to increase hepatic insulin signaling and to 
decrease insulin concentrations, in combination with reductions in blood glucose 
and improved oral glucose tolerance [15, 16]. An additional benefi cial feature of 
AMP-DNM is its ability to improve adipocyte function and reduce infl ammation in 
adipose tissue of obese mice [17].

The present study was designed to assess the hypothesis that increased insulin 
sensitivity via glycosphingolipid lowering will result in reduction of fatty liver and 
restoration of normal liver physiology. We therefore treated lean and ob/ob mice 
with AMP-DNM and determined the effect on glucose homeostasis, liver fat storage 
and gene expression.
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Plasma and tissue sampling 
Blood samples were collected by either tail vein or retro orbital plexus puncture. 
A large blood sample was collected by cardiac puncture and plasma was stored at -
20°C. The liver was quickly excised and weighed, and parts were either used directly, 
snap-frozen in liquid N2 and stored at -80°C, or fi xed in 10% buffered formalin and 
embedded in paraffi n for further analyses.

Analytical procedures
Blood glucose levels were determined in plasma of non-fasted animals using a hand-
held Glucometer (Ascensia Elite, Bayer A.G., Leverkusen, Germany). Cholesterol 
and triglycerides (TGs) in liver samples were determined using colorimetric enzy-
matic kit from Biolabo (Maizy, France). To correct the obtained lipid values for 
the amount of tissue, the protein content of the liver was measured using the 
BCA method (Pierce, Perbio Science Nederland BV, Etten-Leur, the Netherlands). 
HbA1c levels were measured using a single measurement A1C now device (Metrika, 
Sunnyvale, USA). Insulin levels were determined by ELISA (Crystal Chem Inc, USA). 
Oral Glucose Tolerance Tests (OGTT) was performed as described previously [15]. 
For the analysis of ceramide, glucosylceramide and gangliosides, the lipids from 50 
μl plasma were extracted with 2 ml chloroform/ methanol (1:1, v/v) followed by 
deacylation in 500 μl 0.1 mol/L NaOH in methanol using a microwave oven (CEM 
microwave Solids/Moisture System SAM-155). The deacylated lipids were deriva-
tised for 30 minutes with the addition of 25 μl O-phtaldehyde reagent to 50μl 
lipid mixture and separated with a high performance liquid chromatography (HPLC) 
method. Gangliosides were detected as recently described [19] by analysis of the 
acidic glycolipid fraction obtained by the Folch extraction. In short, the upper-phase 
was desalted on a C18 Sep-Pak (Bakerbond) column and the eluted gangliosides 
were digested with ceramide glycanase. The released oligosaccharides were labeled 
at their reducing end with the fl uorescent compound anthranilic acid (2-aminoben-
zoic acid), prior to analysis using normal-phase HPLC.

Histology
Paraffi n sections were dewaxed and stained with hematoxylin and eosin (HE) for 
general histology, with periodic acid-Schiff ’s reagent (PAS) to visualize glycogen, 
or with 0.2% picro-sirius red (PSR) to detect fi brillar collagen deposits. To detect 
neutral lipids cryostat sections were stained with 0.3% Oil Red O. For immuno-
histology, dewaxed paraffi n sections were incubated with 0.3% H2O2 in methanol 
to inactivate endogenous peroxidase. Upon antigen retrieval using either sodium 
citrate (0.01M, pH6 for 10 min at 100°C) or pepsin (0.25% in 0.01M HCl for 10 min 
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at 37°C), and blocking with 5% (v/v) normal goat serum, sections were incubated 
with rabbit polyclonal IgG anti-collagen I (GeneTex, Irvine, CA, USA), -collagen III 
(BioLogo, Kronshagen, Germany), -collagen IV (Euro-Diagnostica, Malmö, Sweden), 
-cleaved caspase 3 (Cell Signaling Technology, Beverly, MA, USA), mouse mono-
clonal IgG1 anti-Ki-67 (MIB-1; DAKO, Glostrup, Denmark) or mouse monoclonal 
IgG2a anti-smooth muscle actin (1A4; DAKO). Cryostat sections were fi xed in cold 
acetone and after inactivation of endogenous peroxidase using 0.1% (v/v) NaN3 
and 0.3% H2O2 in PBS and blocking in 5% (v/v) normal goat serum, sections were 
incubated with rat monoclonal IgG2a anti-mouse LY-49G2 (4D11; BD Pharmingen, 
Breda, The Netherlands). LY-49G2 is expressed by approximately 50% of splenic NK 
cells [20]. After washing, bound primary antibodies were detected using appropriate 
secondary HRP-conjugated polyclonal goat IgG antibodies, directed against rabbit 
IgG (PowerVision; Immunologic, Duiven, The Netherlands), mouse IgG1, mouse 
IgG2a, or rat IgG2a (all from Southern Biotech, Birmingham, Alabama, USA). Bound 
peroxidase activity was visualized using H2O2 and 3,3’-diaminobenzidine as chro-
mogen. Sections were counterstained with either hematoxylin or methylgreen and 
mounted using Pertex.

Total RNA isolation, cRNA and cDNA synthesis, and mRNA expression
Total RNA was extracted from approximately 30 mg frozen tissues with TRIzol 
reagent (Invitrogen, Breda, The Netherlands) followed by LiCl precipitation, and 
further purifi ed using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA; the manu-
facturer’s RNA Cleanup protocol was followed). Purifi ed RNA concentration was 
measured on a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientifi c, 
Wilmington, Delaware, USA) and the quality was assessed using the RNA 6000 
Nano LabChip® Kit in an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, 
USA).

For cDNA synthesis, equal amounts of RNA were treated with RQ1 RNase-free 
DNase (1 units / 2 μg of total RNA, Promega, Leiden, The Netherlands) and reverse 
transcribed with SuperScript II Reverse Transcriptase and random hexamers 
(Invitrogen, Breda, The Netherlands) according to the protocols supplied by the 
manufacturer. Gene expression analysis was performed on a Bio-Rad MyiQ Single-
Color Real-Time PCR Detection System by using the Bio-Rad iQ SYBR Green 
Supermix (Bio-Rad Laboratories Inc., Hercules, CA). PCR primers were designed 
on the basis of Primer Express 1.7 software with the manufacturer’s default set-
tings (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) and validated 
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for identical effi ciencies using hypoxanthine-guanine phosphoribosyl transferase 
(HPRT), cyclophilin, and acidic ribosomal phosphoprotein P0 (36B4) as standard 
housekeeping genes.

For microarray analysis, the starting amount of total RNA used for cRNA synthesis 
was 500ng. The fi rst and second strand synthesis, as well as in vitro transcription and 
cRNA purifi cation were performed using Illumina® TotalPrep RNA Amplifi cation 
Kit (Ambion Inc., Austin, Texas, USA) according to the protocol supplied by the 
manufacturer. The concentration and quality of cRNA were assessed the same way 
as of total RNA.

Gene expression profi ling and data analysis
Liver genome-wide gene expression profi le was obtained using the Sentrix ® 
Mouse-6 Expression Beadchip (Illumina Inc., San Diego, CA, USA), containing 
>47.000 50-mer oligonucleotide probes [21]. Five microarrays were used for each 
of the strains (lean and obese) and treatments (AMP-DNM and control diet) studied, 
summing up to 20. BeadStudio v2.2.22 (Illumina Inc, San Diego, CA, USA) was used 
for the scanned image processing, outlier removal, local background correction 
and summarization of multiple bead intensities per probe. The data were further 
background corrected; log transformed, and normalized using quantile normaliza-
tion. To detect the differential gene expression, a moderated F-test was performed 
(to detect changes in more than one comparison), followed by a moderated t-test 
applied to each comparison separately. Genes were considered signifi cant if the 
P-values, adjusted for multiple testing by using Benjamini and Hochberg’s method 
were <0.05. The false discovery rate was thereby controlled to be <5%. Pathway, 
network and gene-set enrichment analyses were applied, using the MetaCoreTM 
suit (version 4.7, build 12996; GeneGo, Inc., St. Joseph, MI, USA) [22].

Western blot
For western-blot analysis, liver sections (10-15 mg) were pulverized under liquid 
nitrogen and the frozen powder was added to RIPA lysis buffer with protease inhibi-
tors (Complete, Roche Molecular Biochemicals, Almere, Netherlands) and left to 
stand on ice for 30 minutes. Lysates were clarifi ed by centrifugation (16, 000g for 
10 minutes) and supernatants were collected and stored at -80°C. Equal amounts 
of protein (40 μg) were subjected to electrophoresis on 10% SDS-polyacrylamide 
gels and then transferred to nitrocellulose membranes (Protran BA, Whatman, 
Germany) using an electroblotting apparatus (Bio-Rad Laboratories, Hercules, CA). 
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The blots were blocked in Starting Block buffer (Pierce, Rockford, IL) and incubated 
with indicated antibodies diluted in block buffer containing 0.01% (v/v) Tween-20, 
overnight at 4ºC. Blots were washed for 30 minutes in TBS (10 mM Tris-HCl (pH 
8.0), 150 mM NaCl) containing 0.05% (v/v) Tween-20. Proteins were detected with 
an infrared fl uorescence detection system and secondary antibodies (Odyssey and 
IRDye 680 antibody, LI-COR Biosciences, Germany). The densitometric analysis of 
bands was performed with Image Quant software. To confi rm equal protein loading 
and blotting, total protein on the blots was detected with a MemCode reversible 
protein stain kit (Pierce, Rockford, IL).

Statistical analysis
All measurements were performed in duplicate. Statistical signifi cance of differences 
between groups was evaluated by ANOVA and Students t-test, and signifi cance was 
set at P < 0.05.

Results

AMP-DNM improves glucose homeostasis in ob/ob mice
C57BL/6J ob/ob mice were fed for 5 weeks with either standard AM-II chow or 
AM-II chow supplemented with 100 mg/kg bw/day AMP-DNM. Lean C57BL/6J mice 
were treated the same way and served as control groups. The compound was well 
tolerated and caused no overt side effects. As described previously [17], AMP-DNM 
markedly reduced blood glucose, HbA1c, and insulin levels and HOMA index in 
ob/ob mice (Table 1 metabolic parameters). In lean mice blood glucose somewhat 
decreased with AMP-DNM treatment but the effect was not signifi cant and treat-
ment did not result in hypoglycemia. Treatment with 100 mg/kg bw/day AMP-DNM 
reduced total body weight gain by 16% and 5% in ob/ob and lean mice respectively. 
It is worth noting that a lower dose of 25 mg/kg bw/day AMP-DNM reduces plasma 
glucose and restores glucose tolerance in the absence of reduction of body weight 
gain [15]. AMP-DNM reduced plasma glycosphingolipid levels in both ob/ob and lean 
mice (GlcCer in ob/ob control 12.9±2.8 nmol/ml; ob/ob AMP-DNM 3.7±1.0; lean 
control 6.2±0.6; lean AMP-DNM 2.9±0.6) as well as liver glycosphingolipid levels 
(GlcCer in control ob/ob 55.8±11.0 nmol/g wet weight; AMP-DNM 42.2±16.4). This 
was accompanied by increased insulin signaling in the liver at the level of Akt in AMP-
DNM treated ob/ob mice (Fig 1).
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Fig. 1. AMP-DNM increases insulin signaling. 
Ob/ob mice and lean controls (n=5 per group) 
were treated with 0 or 100 mg/kg bw AMP-DNM 
mixed in the diet. After 5 weeks of treatment, 
animals were fasted for 4 hours and infused with 
vehicle (0.9% physiological salt solution) or insulin 
solution for 30 minutes in the bloodstream via the 
hepatic portal vein. Livers were harvested and the 
levels of Akt phosphorylation were detected using 
westernblot analysis.

Table 1: Plasma metabolic parameters and lipids of lean and ob/ob mice treated 
with 0 or 100 mg/kg AMP-DNM mixed in the diet.

lean Ob/ob
vehicle AMP-DNM vehicle AMP-DNM

100 mg/kg 100 mg/kg
General
Body weight (g) at treatment start 23.2±0.9 24.1±1.4 32.9±1.9 33.6±1.7 

Body weight (g) at treatment end 28.3 ±2.5 27.4±2.1 49.0±2.3 42.7±2.3 ***

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

Liver weight/body weight (%) 5.0±0.1 5.6±0.2 9.1±0.3 6.0±0.3***

Metabolic parameters
Plasma insulin (ng/ml) 0.8±0.2 N.M. 22.8±13.1 6.3±2.7**

Blood glucose fasted (mmol/L) 7.4±1.3 N.M. 10.1±1.8 7.3±0.7**

Blood glucose non-fasted (mmol/L) 10.0±0.4 8.8±1.1 ns 16.3±4.0 11.6±1.6*

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

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

AUC GTT 1236 N.M. 2392 1737

AST 70.2±13.2 N.M. 138.5±20.4 137.0±20.2

ALT 29.3±3.5 N.M. 97.0±15.0 106.3±15.0

Plasma lipids (nmol/ml)
Ceramide 6.8±1.4 6.3±0.8 15.5±2.9 12.9±3.0

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

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

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

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

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

the diet. Measurements were conducted after 5 weeks of treatment. *P  0.05, **P  0.01, ***P  0.001 AMP-DNM vs. 

vehicle-treated mice.

p-Ser473 AKT

Total AKT

p-Ser2448 mTOR

Total mTOR 

Ob/ob lean
controlcontrol AMP-DNM

Insulin - + + +-
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AMP-DNM decreases hepatic fat content
We next examined if the benefi cial effects of AMP-DNM on glucose homeosta-
sis infl uenced liver morphology and fat content. Histology of ob/ob liver sections, 
stained with H&E (Fig. 2 A) and Oil-Red-O (Fig. 2 B), revealed extensive steatosis in 
the centrilobular area with hepatocytes containing micro- and macro-lipid droplets. 
Interestingly, the liver weights of AMP-DNM treated ob/ob mice were signifi cantly 
lower (Table 1), and histology showed a marked reduction in macrovesicular steatosis 
(Fig. 2 B). Normal liver histology was not noticeably altered in lean mice that had 
received AMP-DNM (Fig. 2 A). Biochemical analysis confi rmed robust reductions of 
hepatic triglyceride in both ob/ob and lean mice treated with AMP-DNM (Fig. 2 D). 
There was no effect on liver cholesterol content after AMP-DNM treatment in lean 
or ob/ob mice (Fig. 2 E). Serum levels of the liver transaminases ALT and AST were 
only modestly increased in obob mice compared to lean mice. Drug treatment had no 
statistically signifi cant effect on the circulating levels of the liver enzymes (Table 1).

AMP-DNM inhibits hepatic lipogenic and glucose production pathways
We studied hepatic lipid metabolism to understand the molecular mechanism behind 
AMP-DNM induced reduction of liver triglyceride content. The transcription factor 
SREBP1c is activated by insulin and enhances the transcription of genes required for 
fatty acid and triglyceride biosynthesis in the liver. In ob/ob mice, nuclear SREBP1c 
levels are extremely high and fatty acid synthesis is accelerated. Using RT-PCR we 
indeed found that expression of Srebp1c and its target genes were up-regulated in 
the untreated ob/ob mice compared to untreated lean mice (Fig 3 A). Treatment 
with AMP-DNM had no effect on SREBP1c at the mRNA level. However, various 
lipogenic genes were down-regulated after AMP-DNM treatment suggesting that 
SREBP1c activity was decreased (Fig. 3 A). The change in mRNA level of Fas was 
also confi rmed at the level of protein expression (Fig. 3 B). The expression of Pparγ 
was increased in ob/ob mice compared to lean mice and was not corrected by 
AMP-DNM treatment. The expression of genes involved in fatty acid β-oxidation is 
known to be increased in ob/ob mice compared to lean mice [23]. Treatment with 
AMP-DNM did not further increase the expression of genes involved in β-oxidation, 
such as Pdk4, Ccpt1a and Lcad (Fig. 3 C). AMP-DNM treatment signifi cantly reduced 
the mRNA expression levels of glucose-6-phosphatase (G-6-P), confi rming that 
glucose output from the liver is reduced (Fig. 3 D). Glycogen content in livers from 
AMP-DNM treated ob/ob mice was increased compared to livers from untreated 
animals (Fig. 2 C). Both reduced G-6-P expression and increased glycogen content 
are indicative of increased insulin signaling in the liver. 
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Fig. 2.  AMP-DNM decreases hepatic fat content. Ob/ob mice and lean controls (n=5 per group) were treated with 0 
or 100 mg/kg bw AMP-DNM mixed in the diet. After 5 weeks, livers were dissected and processed for histology applying 
staining with either (A) hematoxylin and eosin or (B) Oil-Red-O or (C) periodic acid-Schiff. Biochemical measurements 
of (D) total liver triglyceride and (E) total cholesterol levels. Data are shown as mean ± SEM (n=5 per group) Asterisk 
represents a signifi cant difference in lipid parameters between treatment groups and control group: p<0.05 (*), p<0.01 
(**), p<0.001 (***)
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Fig. 3. AMP-DNM inhibits hepatic lipogenic and glucose production pathways. Total protein and RNA were extracted 
from frozen liver samples of ob/ob mice and lean controls (n=5 per group) treated with 0 or 100 mg/kg bw AMP-DNM 
for 5 weeks. (A) AMP-DNM reduced mRNA encoding enzymes involved in hepatic lipogenesis without changing SREBP1c 
mRNA. ATP CL, ATP citrate lyase; FAS, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1. (B) AMP-DNM reduced 
protein expression level of FAS. (C) AMP-DNM did not change the expression of genes involved in β-oxidation. CPT1a, 
carnitine palmitoyl transferase 1; LCAD, Long-chain specifi c acyl-CoA dehydrogenase; PDK4, pyruvate dehydrogenase 
kinase, isoenzyme 4. (D) AMP-DNM reduced glucose-6-phosphatase mRNA. Data are shown as mean ± SEM (n=5 per 
group) Asterisk represents a signifi cant difference in mRNA expression between untreated ob/ob mice compared to 
either lean controls or AMP-DNM treated ob/ob mice. p<0.05 (*), p<0.01 (**), p<0.001 (***)
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AMP-DNM corrects the gene expression profi le in the ob/ob liver
To obtain a comprehensive picture of the total impact of AMP-DNM treatment, we 
compared liver gene expression profi les using microarrays, of the lean and ob/ob 
mice fed by control, or AMP-DNM supplemented diet. A large number of genes 
(4013) was found to be signifi cantly differentially regulated in ob/ob mice compared 
to lean animals on a control diet (adjusted P-value < 0.05, fold change ≥ 1.4). Pathway 
analysis in MetaCoreTM suit revealed that these genes fell into numerous differen-
tially expressed pathways, among which extracellular matrix remodeling, glucose, 
lipid and glutathione metabolism (top 15 pathways listed in Table 2; for complete 
list of differentially regulated genes see supplementary data (Supplementary fi le 1). 
As expected, numerous genes corresponded to those previously reported to be 
differentially regulated in ob/ob mice compared to lean [24, 25].

Treatment of ob/ob mice with AMP-DNM had a remarkable effect on total gene 
expression. We found that 81% of the 4013 differentially regulated genes were 
to a certain extent corrected towards the lean phenotype. Moreover, 45% (1459 
genes) of these showed a complete correction in expression (Fig. 4). The pathways 
that were most corrected in gene expression are listed in supplementary table 
2. Notably, they indicate changes in lipid and carbohydrate metabolism, matching 
our biochemical and RT-PCR observations (Fig 2 and Fig 3). Pathways regulated in 
lean animals treated with AMP-DNM were, not surprisingly, glutathione, cholesterol 
and sphingolipid metabolism (data not shown). Expression changes in these path-
ways indicated enhanced detoxifi cation, induced glycosphingolipid synthesis, and, as 
reported earlier [26], increased cholesterol synthesis. 

Not corrected

777 1777

Par ally corrected

1459

Corrected

Not corrected

777 1777

Par ally corrected

1459

Corrected

Fig. 4 Gene expression changes induced by AMP-DNM. Diagram shows number of genes differentially expressed 
in the liver of obese mice in comparison to their lean counterparts. Genes that are not corrected by AMP-
DNM treatment (ob/ob, dark grey box); genes corrected to a certain extent towards lean expression profi le by 
AMP-DNM treatment (ob/ob+AMP-DNM; light grey box). The white area shows the number of genes completely 
corrected towards lean expression profi le after treatment with AMP-DNM (P < 0.05, fold change ≥ 1.4).
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Table 2: The most affected differentially regulated pathways in livers of ob/ob mice in 
comparison with lean controls.

Process and pathway Changed genes/ 

total genes in pathway

Regulation of lipid metabolism

PPAR regulation of lipid metabolism 10/20

Regulation of fatty acid synthase activity in hepatocytes 8/16

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

Cell adhesion and cytoskeleton remodeling

Cell adhesion and ECM remodeling 21/51

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

Endothelial cell contacts by non-junctional mechanisms 11/24

Immune response

Lipoxin inhibitory action on neutrophil migration 15/35

Lectin Induced complement pathway 15/38

Classic complement pathway 15/40

Carbohydrates metabolism

Glycolysis and gluconeogenesis 7/13

Vitamin and cofactor metabolism

Glutathione metabolism 15/39

Vitamin K metabolism 4/4

Other

dATP/dITP metabolism 21/54

(L)-selenoaminoacids incorporation in proteins during translation 16/38

Regulation of cell cycle 14/32

The pathways are signifi cantly differentially regulated (P-value < 0.001), with the number of regulated genes and 

the total number of genes per pathway indicated
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Table 3: Differentially expressed genes involved in extracellular matrix remodeling

Symbol Gene name Fold change in gene expression

Obob Ctrl / 

lean Ctrl

Obob AMP-DNM / 

lean Ctrl

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

Col1a2 procollagen, type I, alpha 2 2.80* 1.34

Col3a1 procollagen, type III, alpha 1 6.39* 1.49

Col4a1 procollagen, type IV, alpha 1 2.31* 1.43

Col4a2 procollagen, type IV, alpha 2 1.93* 1.24

Col4a5 procollagen, type IV, alpha 5 2.13* 1.92

Col5a1 procollagen, type V, alpha 1 2.16* 1.06

Col6a1 procollagen, type VI, alpha 1 1.81* 1.11

Col6a1 procollagen, type VI, alpha 1 2.01* 1.17

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

Col15a1 procollagen, type XV 2.72* 1.79

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

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

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

Mmp12 matrix metalloproteinase 12 57.73* 31.90*

Mmp13 matrix metalloproteinase 13 20.53* 9.12*

Mmp15 matrix metalloproteinase 15 -1.63* -1.51*

Mmp23 matrix metalloproteinase 23 1.89* 1.24

Mmp24 matrix metalloproteinase 24 3.20* 1.81

Mmp24 matrix metalloproteinase 24 2.36* 1.69*

Mmp24 matrix metalloproteinase 24 -1.60* -1.21

Plat plasminogen activator, tissue 7.47* 2.54*

Timp1 tissue inhibitor of metalloproteinase 1 4.70* 2.17*

Vcl vinculin 1.45* 1.06
Data represent gene expression levels in ob/ob mice vs lean and in AMP-DNM treated ob/ob mice vs lean 
measured by microarray analysis. *P<0.05, **P<0.01, ***P<0.001
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AMP-DNM reduces hepatic markers associated with matrix remodeling 
and infl ammation
Matrix remodeling and immune responses belonged to the pathways most infl u-
enced by AMP-DNM treatment (supplementary table 2). This prompted us to look 
in detail at changes in expression of specifi c genes. 
Interestingly, the expression level of almost all the genes involved in extracellular 
matrix homeostasis corrected towards the lean phenotype by AMP-DNM treat-
ment (apart from procollagen type XXVII alpha 1, which was even more (down) 
regulated) (Table 3). The expression level of 9 out of 23 corrected genes did not 
differ from that in the lean animals. Of special interest was correction of collagens 
1, 3 and 4, tissue inhibitor of metalloproteinase 1 (Timp) and vinculin (Vcl), well 
known markers of fi brosis [27, 28]. Picro-sirius red staining indeed showed slightly 
increased deposition of fi brillar collagens in the centrilobular area of ob/ob livers. 
Treatment of ob/ob mice with AMP-DNM largely normalized this pattern to that of 
control lean mice (data not shown). Although the liver of ob/ob mice does not show 
a marked infl ammatory phenotype [29], a signifi cant increase in mRNA expres-
sion of several chemokines (monocyte-chemo attractant protein-1; Macrophage 
infl ammatory protein-1α; Macrophage infl ammatory protein-1β) and their recep-
tors (chemokine-receptors 1 and 2) was observed in ob/ob mice livers compared 
to lean mice (Table 4). We also found increased expression of several macrophage 
associated markers although the total number of macrophages did not increase 
as indicated by the unchanged expression of F4/80, a macrophage specifi c marker 
(Table 4). This implies that the resident liver cells are the source of these cytokines. 
Treatment with AMP-DNM normalized the expression of the above mentioned 
chemokines and macrophage associated markers such as CD11c, osteopontin and 
YM1 (Table 4).

Discussion

Leptin-defi cient ob/ob mice rapidly develop insulin resistance and concomitant 
hyperinsulinemia. These animals also develop a prominent hepatic steatosis which 
is attributed to excessive de novo lipogenesis driven by the chronic high levels of 
insulin [30]. 
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Table 4: Differentially expressed genes involved in infl ammation   

Symbol Gene name Relative gene expression level

lean 

control

ob/ob 

control

ob/ob 

AMP-DNM

F4/80 Cell surface glycoprotein F4/80 7.85±3.84 7.38±2.47 5.26±1.11

Mcp-1 monocyte-chemo attractant 

protein-1

0.83±0.43 2.71±0.91* 1.53±0.76

MIP1α Macrophage infl ammatory 

protein-1α

0.57±0.28 2.15±1.06* 0.64±0.27*

MIP1β Macrophage infl ammatory 

protein-1β

2.01±0.30 5.53±2.19* 2.78±0.85

Ccr1 chemokine-receptor 1 0.25±0.10 1.20±0.73* 0.54±0.23

Ccr2 chemokine-receptor 2 0.76±0.19 1.91±0.96* 0.56±0.33*

CD11c Integrin alpha-X 1.99±0.79 8.50±2.95* 2.95±0.93*

YM1 Chitinase-3-like protein 3 0.39±0.19 9.89±7.56* 3.12±2.18*

OPN osteopontin 218±79 1166±491* 355±110*

*P<0.05

Previously we [15] and others [16] have shown that inhibition of GSL synthesis has 
a benefi cial effect on hepatic and peripheral insulin sensitivity and hyperinsulinemia 
in various rodent models of insulin resistance and type 2 diabetes. Now we show 
that AMP-DNM treatment prevents hepatomegaly in ob/ob mice and results in 
improvements in liver insulin signaling. At the same time fatty acid synthesis in the 
liver is decreased and the development of abundant steatosis in the centrilobular 
area is markedly prevented concurrent with normalization of glycogen storage in 
livers of treated animals.
The metabolic changes by which AMP-DNM exerts its benefi cial effect on the fatty 
liver of ob/ob mice warrant discussion. We hypothesized that restoring insulin sen-
sitivity in ob/ob mice by AMP-DNM treatment could break the vicious cycle of 
insulin resistance and increased lipogenesis in the liver of ob/ob mice. The hepatic 
steatosis found in ob/ob mice is mostly attributed to excessive de novo lipogenesis 
driven by high levels of insulin [30]. Reducing glycosphingolipids with AMP-DNM 
restored insulin signaling in various organs of the ob/ob mice, including the liver. 
Circulating insulin was markedly lower in AMP-DNM treated ob/ob mice, refl ecting 
their overall improved insulin sensitivity. The observed reduction in expression of 
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genes involved in fatty acid synthesis is likely a direct consequence of the reduced 
insulin concentration in the AMP-DNM treated mice.
The storage of triglycerides in liver is not toxic per se and protects the organ 
from FFA overload. Steatosis progresses to NASH when the adaptive mechanisms 
that normally protect hepatocytes from fatty acid-mediated lipotoxicity become 
exhausted. This process triggers responses, which involve the activation of hepatic 
stellate cells and fi nally the production of chemokines by myofi broblasts to attract 
various kinds of infl ammatory cells to the liver. However, the ob/ob mice liver is 
not an ideal model to study NASH since due to the lack of leptin in these mice, 
full activation of stellate cells does not occur, thereby preventing development of 
steatohepatitis and frank fi brosis [29, 31, 32]. In accordance, αSMA positive stellate 
cells were not observed in livers from ob/ob mice (data not shown).
We did note, however, slightly increased picro-sirius red staining in the centrilobular 
area of livers of ob/ob mice which was absent in livers of ob/ob mice treated with 
AMP-DNM. Immunohistology for collagen type I confi rmed this observation (data 
not shown). Gene expression analysis using a micro-array approach showed that 
pathways involved in infl ammation and matrix remodeling where only slightly acti-
vated in ob/ob mouse livers compared to lean mice. We could not detect increased 
numbers of total macrophages in the ob/ob mice livers by looking at F4/80 expres-
sion, suggesting that there was no recruitment of infl ammatory macrophages towards 
the liver. Interestingly, markers generally associated with activated macrophages, 
such as YM1 were elevated in ob/ob mouse liver, and most likely originated from 
endogenous sources such as the Kupffer cells. In addition, it was found that CD11c, 
one of the defi ning markers of infl ammatory macrophages in adipose tissue, was 
highly expressed in ob/ob mouse liver. Treatment with AMP-DNM normalized the 
expression of these infl ammatory markers. This is in line with the earlier reported 
anti-infl ammatory capacity of AMP-DNM [17]. This fi nding is of particular interest 
since infl ammation is considered to be a contributing factor to the development of 
insulin resistance and obesity-related liver injury [31].
Natural killer T cells are suggested to play a protective role in the infl ammatory 
response in hepatic steatosis and the reduction in NKT cell numbers in humans and 
animal models are implicated in disease severity [33]. NKT cell numbers have been 
found to be reduced in ob/ob mice livers. We therefore tested the possibility that 
NKT cell numbers increased after reduction of steatosis with AMP-DNM in our 
mouse model. We were able to detect a few NKT cells using immunohistochemistry 
in untreated ob/ob mice livers, but we were unable to detect signifi cant changes in 
their amount upon treatment (supplementary fi gure 1).
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Next to metabolic corrections in the liver and local  tempering of infl ammation, 
other factors might contribute to the improvement in the steatotic liver of AMP-
DNM treated ob/ob mice. We recently reported that AMP-DNM treatment enhan-
ces adipocyte function and reduces infl ammation in adipose tissue of ob/ob mice 
[17]. As a result of the improved adipose tissue function imposed by AMP-DNM, less 
infl ammatory mediators such as Ccl2 and osteopontin as well as FFA are released 
in the circulation. Other organs, such as the liver, might profi t from this. In the 
same study, AMP-DNM treatment was found to increase production of adiponectin 
by adipose tissue. This adipokine, reported to be reduced in patients with obesity, 
insulin resistance, and cardiovascular disease [34], is known to exert a benefi cial, 
insulin-sensitizing effect on various tissues. Furthermore, hypoadiponectinemia is a 
feature of NASH independent of insulin resistance [35]. Importantly, recent studies 
show that adiponectin also protects against alcoholic liver disease by enhancing fat 
oxidation, reducing lipid synthesis and prevention of hepatic steatosis [36]. 

The role of glycosphingolipids in diabetes development has been fi rmly established 
by us and others [37]. In obesity-induced insulin resistance the excess amounts of 
glycosphingolipids disturb insulin signalling via interference with the insulin receptor. 
Another link between glycosphingolipids and insulin resistance has been reported 
by Ilan and coworkers. They show that the intraperitoneal injection of glycosphin-
golipid emulsions protect beta-cell function in the pancreas via modulation of NKT 
cell activity [38] in a cytokine mediated model of insulin resistance type 1 (Cohen 
diabetic rat). Whether the benefi cial effects of AMP-DNM are partly attributed to 
modulation of NKT cell activity remains to be established.

Our present study and earlier investigations in rodent models, shed light on the 
therapeutic potential of AMP-DNM for type 2 diabetes and hepatic steatosis. It is 
well documented that in diabetic subjects de novo lipogenesis is elevated despite 
insulin resistance in the gluconeogenesis pathway. The precise cause of this selective 
hepatic insulin resistance remains still an enigma [7]. The noted ability of AMP-DNM 
to increase insulin sensitivity and concomitantly reduce lipogenesis in ob/ob mice is 
therefore of particular interest.
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Abstract
Objectives and background
Obesity and its associated conditions such as insulin resistance and type II diabetes 
are a major cause of morbidity and mortality. Crucial in the treatment of obesity-
associated pathology is enhancement of insulin sensitivity, which leads to improved 
nutrient homeostasis. The iminosugar AMP-DNM has been shown to improve insulin 
sensitivity in rodent models for insulin resistance and type II diabetes by lowering 
glycosphingolipid levels. In the current study we characterized the impact of AMP-
DNM on metabolic parameters in ob/ob mice, by measuring substrate oxidation 
patterns, food intake and body weight gain.

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

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

As the incidence of obesity and its associated morbidities, such as type II diabetes, 
increases, the search for new treatment modalities to combat these conditions 
continues.
Decreasing caloric intake and increasing the amount of physical activity have been 
shown effective in improving obesity, hypertension, insulin resistance and dyslipi-
demia1-4. However, the positive effect of dietary and life style interventions is often 
short lasted, due to the fact that permanent changes in life style and diet are hard to 
achieve5,6. Moreover, weight reduction obtained by low caloric diets induces adapta-
tions in energy metabolism, resulting in a lower resting energy expenditure7,8. If 
caloric intake is subsequently increased again, fat mass may rapidly increase9,10. The 
emphasis in the treatment of those patients that fail to acquire or maintain weight 
loss should therefore be on pharmacological interventions, aimed at weight loss or 
the reduction of obesity-associated pathologies. 
An important link between obesity and its associated pathology is diminished 
responsiveness to insulin. Insulin resistance leads to impaired glucose and fat 
homeostasis and results in damage of organs such as the liver and pancreas due to 
exposure to inappropriately high insulin, glucose and fatty acid concentrations11,12. 
Moreover, obesity may have an effect on substrate oxidation patterns. In lean indi-
viduals, glucose is preferentially oxidized in the fed state and fat in the fasted state. 
This ability to switch between substrates, depending on their availability, is referred 
to as metabolic fl exibility and this fl exibility is impaired in the obese, insulin resist-
ant state13. Reduced fat oxidation adds to fat accumulation in for example the liver, 
further reducing insulin sensitivity14. Improving insulin sensitivity is therefore essen-
tial for reduction of the negative consequences of obesity.
Lipid accumulation results in reduced responsiveness to insulin by the formation 
of specifi c lipid metabolites that interfere with insulin signaling15. Sphingolipids are 
one class of lipids involved in the induction of insulin resistance. The most simple 
sphingolipid, ceramide is formed from palmitoyl-CoA and serine by the enzyme 
serine-palmitoyltransferase and the availability of palmitoyl-CoA is rate limiting for 
ceramide synthesis16. From ceramide, glycosphingolipids and subsequently the more 
complex gangliosides can be formed. The increased availability of the free fatty acid 
palmitate and the low grade infl ammation in obesity results in an enhanced synthesis 
of sphingolipids and gangliosides17,18. Ceramide interferes with insulin signaling at the 
level of PKB-Akt, reducing the metabolic actions of insulin17. The ganglioside GM3, 
when present in abundance, is thought to hamper phosphorylation of the insulin 
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receptor, resulting in reduced responsiveness to insulin19,20. 
Inhibition of sphingolipid synthesis, either at the level of ceramide or glucosylce-
ramide, restores insulin sensitivity in mouse models for insulin resistance and type 
II diabetes21-23. The iminosugar N-(5-adamantane-1-yl-methoxy-pentyl)-deoxynojir-
imycin (AMP-DNM) reduces glucosylceramide and subsequent ganglioside synthesis 
and is known to improve both peripheral and hepatic insulin sensitivity21. Succeeding 
studies showed that this drug also improves adipocyte function, reduces infl amma-
tion and ameliorates hepatic steatosis in insulin resistant genetically obese ob/ob 
mice24,25. In these studies, a reduction in body weight gain upon treatment with a 
relatively high dose of a 100 mg/kg/day AMP-DNM was noted24,25. The cause of this 
reduced body weight gain and the course of the metabolic effects of AMP-DNM 
administration in time has not been reported so far. To monitor the kinetics of 
the effect of AMP-DNM on metabolism in ob/ob mice we have now performed 
an investigation using a setup of computerized metabolic cages, which allows in 
depth analysis of the effects of the drug on substrate oxidation, food intake, energy 
homeostasis and activity. In this study we show that treatment with AMP-DNM 
rapidly increases fat oxidation, reduces carbohydrate oxidation and decreases food 
intake. The latter effect results in a sustained lower body weight in the AMP-DNM 
treated animals. 

Methods

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

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

Gene expression in liver and muscle
Total RNA was extracted from approximately 50 mg frozen tissues using Trizol 
reagent (Invitrogen, Breda, the Netherlands). For cDNA synthesis RNA was treated 
with RQ1 RNase-free DNase (Promega, Leiden, The Netherlands) and reverse tran-
scribed with SuperScript II Reverse Transcriptase and random hexamers (Invitrogen, 
Breda, The Netherlands). The real time PCR measurement of individual cDNAs was 
performed on a Bio-Rad MyiQ Single-Color Real-Time PCR Detection System using 
the Bio-Rad iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA). 
PCR primers were designed on the basis of Primer Express 1.7 software (Applied 
Biosystems, Nieuwerkerk a/d IJssel, the Netherlands). 
The expression data were normalized by calculating the ratio with cyclophilin B 
(Ppib), a housekeeping gene.

Immunohistochemistry
The two vials of brain sections were incubated overnight at 4°C with either goat 
anti-Fos (1:1500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for the single Fos 
staining, or goat anti-Fos and rabbit anti-orexin or rabbit anti-MCH primary anti-
bodies (1:2000; Phoenix Pharmaceuticals, Belmont, CA) for orexin/Fos or MCH/Fos 
double stainings. Sections were then rinsed in 0.1M TBS, incubated 1 hour in bioti-
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nylated horse anti-goat IgG, and then 1 hour in avidin–biotin complex (ABC, Vector 
Laboratories, Inc., Burlingame, CA). The reaction product was visualized by incuba-
tion in 1% diaminobenzidine (DAB) with 0.01% hydrogen peroxide for 5-7 minutes. 
Nickel ammonium sulphate (0.05%) was added to the DAB solution to darken the 
reaction product (DAB/Ni). For double stainings, after Fos immunostaining, sections 
were rinsed in 0.1M TBS, incubated 1 hour in biotinylated goat anti-rabbit IgG, and 
then 1 hour in ABC. This reaction product was visualized by DAB staining only. All 
sections were mounted on gelatine-coated glass slides, dried, run through ethanol 
and xylene and covered for observation by light microscopy.

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

Results

Exposure to AMP-DNM rapidly increases fat oxidation and decreases 
carbohydrate oxidation
Leptin-defi cient ob/ob mice (n=8) were exposed to 100 mg AMP-DNM/kg body-
weight/day mixed in food for 5 weeks. Parallel, control ob/ob mice (n=8) received 
identical food without AMP-DNM. In accordance with earlier studies, AMP-DNM 
was well tolerated and caused no overt side effects. Prior to treatment initiation, 
respiratory exchange ratio (RER), carbohydrate and fatty acid oxidation rates, 
energy expenditure (fi gure1) and food intake (not shown) were comparable in both 
groups. 
Exposure to AMP-DNM rapidly and signifi cantly decreased the RER (nocturnal: 
AMP-DNM 0.88±0.07 vs control 0.95±0.05, p=0.03; diurnal: AMP-DNM 0.84±0.08 
vs control 0.92±0.06, p=0.04), indicating an increase in fat to carbohydrate oxidation 
ratio (fi gure 1A, Table 1). During the fi rst two days of exposure to AMP-DNM, total 
fat oxidation was higher in AMP-DNM treated animals, both during the nocturnal 
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period (AMP-DNM 0.16±0.09 vs control 0.07±0.06 kcal/hr, p=0.05) and the diurnal 
period (AMP-DNM 0.19±0.10 vs control 0.10±0.08 kcal/hr, p=0.08)(fi gure 1B, Table 
1). The high fat oxidation rate in the treated animals was maintained during the 
third (nocturnal: AMP-DNM 0.18±0.0 kcal/hr; diurnal: AMP-DNM 0.19±0.06) and 
fi fth week (nocturnal: AMP-DNM 0.15±0.06 kcal/hr; diurnal: AMP-DNM 0.16±0.05) 
of treatment (table 1). 

Carbohydrate oxidation was markedly lower in AMP-DNM treated animals during 
the fi rst (nocturnal: AMP-DNM 0.28±0.12 vs control 0.43±0.08 kcal/hr, p=0.01; 
diurnal: AMP-DNM 0.20±0.34 vs control 0.34±0.09 kcal/hr, p=0.01) and third week 
(nocturnal: AMP-DNM 0.26±0.07 vs control 0.42±0.08 kcal/hr, p=0.01; diurnal: AMP-
DNM 0.20±0.08 vs control 0.39±0.08 kcal/hr, p<0.01) of the experiment (fi gure 1C 
and Table 1).
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Figure 1 Exposure to AMP-DNM leads to rapid changes in metabolic substrate selection and total energy 
expenditure. Vertical dotted lines in all fi rst four graphs indicate start of treatment. Grey areas represent the dark 
(12 hrs) and white areas the light periods (12 hrs).  AMP-DNM exposed animals (dotted line) have an increased fat 
to carbohydrate oxidation ratio (A).  Absolute fat oxidation (B) is higher and absolute carbohydrate oxidation (C) 
and energy expenditure (C) lower in the AMP-DNM fed animals in both the dark and light periods. RER=Respiratory 
Exchange Ratio, Carb oxidation=Carbohydrate oxidation.
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Table 1 Substrate oxidation rates, energy expenditure and food intake during 5 
weeks of AMP-DNM treatment. 
week 1 control AMP-DNM p-value

RER  nocturnal 0.95±0.05 0.88±0.07 0.03

RER  diurnal 0.92±0.06 0.84±0.08 0.04

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

Fat oxidation diurnal (kcal/h) 0.10±0.08 0.19±0.09 0.08

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

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

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

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

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

week 3

RER  nocturnal 0.93±0.05 0.84±0.05 <0.01

RER  diurnal 0.93±0.05 0.86±0.04 <0.01

Fat oxidation nocturnal (kcal/h) 0.10±0.07 0.18±0.00 0.01

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

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

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

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

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

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

week 5

RER  nocturnal 0.87±0.04 0.86±0.05 1.00

RER  diurnal 0.90±0.04 0.90±0.04 0.73

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

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

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

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

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

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

Food intake (g in 48 h) 9.88±1.72 8.39±1.13 0.04
Values are presented as mean ± SD for eight mice in each group. RER=Respiratory Exchange Ratio. Values for 
food intake are the total grams of food consumed during the fi nal 48 hours of each period in the metabolic 
cages. RER, glucose and fat oxidation rates and energy expenditure are the mean values of all measurements 
during either the nocturnal or the diurnal periods in the metabolic cages in which the mice were exposed to 
AMP-DNM.
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Table 2 Body weight, body weight gain and temperature during 5 weeks of AMP-
DNM treatment.
Week 1 AMP-DNM control P-value

Weight (g) 41.0±2.4 39.9±2.1 0.33

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

Week 3

Weight (g) 43.5±2.8 45.5±2.3 0.14

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

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

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

Week 5

Weight (g) 44.3±3.3 49.5±3.0 <0.01

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

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

Temperature (°C) 32.5±3.7 36.5±0.8 <0.01
Values are presented as mean ± SD for eight mice in each group. ≠) Body weight gain and percentage body 
weight gain compared to initial body weight at the start of the experiment.

Table 3 Metabolic blood/plasma parameters during  5 weeks of AMP-DNM 
treatment. 
Blood parameters week 1,3,5 AMP-DNM control P-value

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

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

Glucose week 5 (mmol/L) 6.5±2.0 12.6±5.1 0

Blood/plasma parameters week 6

Glucose (mmol/L) 6.9±1.1 10.9±2.3 0

Insulin (mg/ml) 7.8±2.6 9.7±3.4 0.22

HbA1C (%) 4.3±0.3 6.1±0.7 <0.00

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

FFA (mmol/L) 1.2±0.20 0.66±0.10 <0.00
Values are presented as mean ± SD for eight mice in each group. Glucose values at week 1,3,5 and 6 were 
measured in non-fasted animals. All other parameters at week 6 were measured after 4 hour fasting.
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During the fi fth week of the experiment, differences in substrate oxidation rates 
between the treated and control animals were no longer detectable. Nocturnal 
and diurnal RER did not differ signifi cantly between treated and control animals 
(nocturnal: AMP-DNM 0.86±0.05 vs control 0.87±0.04, p=1.00; diurnal: AMP-DNM 
0.90±0.04 vs control 0.90±0.04, p=0.73) and absolute fat oxidation and glucose oxi-
dation rates were similar in both groups (table 1). This was due to an increase in the 
fat oxidation rate in untreated animals and an increase in glucose oxidation rate in 
the AMP-DNM treated animals between week 3 and 5 of the experiment. From two 
weeks of treatment onwards, non-fasted plasma glucose levels were signifi cantly 
lower in the AMP-DNM treated animals. The improved glucose homeostasis was 
refl ected in lower glycated haemoglobin (HbA1C) concentrations in the treated 
animals (table 3).

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

Treatment with AMP-DNM results in upregulation in beta-oxidation 
genes in liver and reduction hepatic fat content
Given the fi nding of an increased fat oxidation rate in AMP-DNM treated ob/ob 
mice, we decided to study the expression of genes involved in fatty acid oxidation 
(CPT-1a, LCAD, PDK-4) in liver and muscle and the effects of treatment on liver 
lipid content. Mice were sacrifi ced after fi ve weeks of treatment with AMP-DNM. 
We found increased hepatic expression of carnitine palmitoyl transferase-1a (CPT-
1a, AMP-DNM 0.36±0.13 vs control 0.12±0.06, p<0.01) (fi gure 2D), which is in line 
with the increased fatty acids oxidation rates. Expression of LCAD and PDK4 in 
liver was not signifi cantly changed (fi gure 2E and F). 
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Figure 2 Long term treatment with AMP-DNM results in reduction in liver triglyeride (A) and glucosylceramide (B) 
content, while the ceramide (C) concentration does not change signifi cantly. CPT-1a expression, regulating fatty acid 
entry into mitochondrion for oxidation, is signifi cantly increased (D), whereas LCAD (E) and PDK4 (F) expression 
are not signifi cantly changed. Data presented as mean ± SEM. *p=0.001.
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Expression of the examined fatty acid oxidation genes in muscle was not changed 
after fi ve weeks of AMP-DNM treatment (CPT-1a; AMP-DNM 0.15±0.03 vs control 
0.23±0.10 p=0.09, LCAD; AMP-DNM 2.4±0.80 vs control 3.1±1.6 p=0.37, PDK4; 
AMP-DNM 4.5±2.3 vs control 3.3±0.9 p=0.19).
As described previously21,24 AMP-DNM lowered glucosylceramide in liver (AMP-
DNM 0.11±0.02 vs control 0.27±0.06 nmol/mg protein, p=0.00)(Fig 2B), without 
altering ceramide levels (fi gure 2C). Liver triglyceride content was drastically 
lowered (AMP-DNM 208±64 vs control 614±91 nmol/mg protein, p=0.00) (fi gure 
2A), most likely as a result of both the earlier observed decreased lipogenesis25 and 
the here observed increased fat oxidation. 

Four hour exposure to AMP-DNM does not change metabolic param-
eters but activates brain regions involved in appetite regulation
To further characterize the rapid effects of AMP-DNM on fat and glucose oxidation, 
we studied metabolic parameters and expression of fatty acid oxidation genes in 
liver and muscle in ob/ob animals four hours after administration of 100 mg/kg AMP-
DNM. Groups of six ob/ob mice that had either received AMP-DNM or vehicle by 
gavage were compared. Four hour exposure to AMP-DNM did not change plasma 
levels of glucose, insulin, FFAs, triglycerides nor of the intermediate metabolites 
pyruvate, lactate and the ketone β-hydroxybutyrate (table 4). Expression of fatty 
acid oxidation genes in liver and muscle was unchanged after this short treatment 
span (table 4). Due to the short treatment duration, liver glucosylceramide con-
centrations were not yet reduced in the treated animals (AMP-DNM 0.17±0.02 vs 
control 0.16±0.05, p=0.70). 
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Table 4 Plasma metabolic parameters and liver and muscle fatty acid oxidation 
gene expression after 4 hours of AMP-DNM exposure
Plasma parameters AMP-DNM  control P-value

Glucose (mmol/L) 12.0±2.3 15.0±3.4 0.1

Insulin (ng/ml) 15.5±8.6 9.2±1.9 0.11

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

FFA (mmol/L) 0.60±0.20 0.49±0.22 0.41

Pyruvate (mmol/L) 109±26 130±40 0.3

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

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

Gene expression AMP-DNM control P-value

Liver

CPT 1 0.23±0.14 0.23±0.14 0.98

LCAD 0.77±0.43 0.97±0.20 0.33

PDK-4 0.11±0.03 0.12±0.07 0.65

Muscle

CPT 1 0.14±0.06 0.15±0.04 0.72

LCAD 3.1±1.0 3.3±1.0 0.78

PDK-4 7.1±3.0 5.0±2.4 0.22
Values are presented as mean ± SD for six mice in each group.

Given the immediate effect of AMP-DNM on food intake in the fi rst experiment, 
we analyzed activation of brain regions involved in appetite regulation in the four 
hour treated animals. We looked at staining for Fos, an immediate early gene and 
marker of neuronal activation. In the AMP-DNM treated animals, compared to 
vehicle treated mice (fi gure 3B, D and F), the immunohistochemical analysis of the 
brains showed increased staining for Fos in the lateral hypothalamic area (fi gure 
3A) and arcuate nucleus (fi gure 3C) in the hypothalamus, as well as the xiphoid 
region in the thalamus (fi gure 3E). Both the lateral hypothalamus and the arcuate 
nucleus are well known for their involvement in appetite regulation. Two well known 
orexigenic neuropeptides that are produced in the lateral hypothalamus are orexin 
and melanin-concentrating hormone (MCH).  Although the observed Fos immuno-
reactivity was located in the same region where these two populations of orexigenic 
neurons reside, double staining for Fos with orexin (fi gure 3F) and MCH (fi gure 3G) 
did not show any co-localization. This is compatible with the reduced food intake in 
response to AMP-DNM treatment since activation of these orexigenic neurons is 
expected to increase in food intake.
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Figure 3 Hypothalamic Fos immunoreactivity in response to AMP-DNM treatment. Increased Fos expression, 4-h 
after gavage with AMP-DNM (100 mg/kg bodyweight), is observed specifi cally in the lateral hypothalamic area (A), 
the arcuate nucleus (C) as well as the xiphoid nucleus in thalamus (E). The panels on their respective right side (B, D 
and F) show the absence of Fos immunoreactivity in these areas in vehicle treated mice. Despite their close location, 
Fos positive nuclei (arrow) in the lateral hypothalamus are not colocalized with either orexin (G) or MCH containing 
neurons (H) (arrowheads in G and H). III, third ventricle, OT: optic tract. Scale bar: A-F: 200μm, G, H: 50 μm.
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Discussion

Previous studies on the effect of AMP-DNM treatment in ob/ob mice showed 
marked improvement of insulin resistance, hepatic steatosis and infl ammation21,24,25. 
This prompted us to investigate the effect of this compound on substrate oxidation 
patterns and energy homeostasis.
In the current study we show that treatment of ob/ob mice with AMP-DNM rapidly 
increases fat oxidation and lowers carbohydrate oxidation. The change in substrate 
oxidation pattern does not seem to result from a reduced glucose availability, since 
plasma glucose levels were not signifi cantly different after four and 36 hours of 
AMP-DNM treatment. 
Food intake is also immediately affected by treatment. How the reduction in food 
intake and the changes in substrate oxidation patterns are related remains to be 
clarifi ed. Reduction in body weight, as a result of a low caloric diet, has been shown 
to induce an increase in fat oxidation in the fasted state in some studies, though 
others report no effect of weight loss on fatty acid oxidation13. In the current study, 
changes in body weight do not seem to be responsible for the altered substrate 
oxidation pattern, as the increase in fat oxidation precedes the reduction in body 
weight gain. 
The reduction in food intake resulting from AMP-DNM treatment may be regulated 
at the level of the hypothalamus, since two areas involved in food intake regulation 
show specifi c activation after short-term treatment. This precedes changes in meta-
bolic parameters such as blood glucose levels and changes in expression of genes 
involved in fatty acid oxidation in liver and muscle. Thus, the hypothalamic activation 
seems not to occur secondary to peripheral metabolic effects of AMP-DNM, sug-
gesting that there is either a direct effect of the compound in the involved brain 
areas or the effect is mediated by a specifi c signal from for example the gut to these 
brain regions. Double staining for the orexigenic neuropeptides orexin and MCH 
showed no co-localization of the neurons activated by AMP-DNM treatment and 
these markers. This fi ts with a reduction in food intake by AMP-DNM, since release 
of oxerigenic neuropeptides would have had the opposite effect, namely an increase 
in food intake27. 
One of the peptides involved in appetite regulation that could be responsible for the 
AMP-DNM effect on both food intake and fat oxidation is peptide YY 3-36 (PYY 3-
36). This peptide is released by L cells in the intestine in response to food intake and 
subsequently reduces appetite and slows gastric emptying28. Peripheral administra-
tion of PYY 3-36 leads to increases in c-Fos immunoreactivity in the arcuate nucleus 
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and PYY binding to the Y2-receptor in arcuate nucleus mediates its inhibitory effect 
on feeding29. Peripheral acute and chronic PYY 3-36 administration stimulates fatty 
acid oxidation30. Thus, an increase in PYY 3-36 release from the gut in response to 
AMP-DNM could explain the observed acute effects of AMP-DNM treatment. In a 
previous unpublished study in diabetic Zucker (fa/fa) rats, plasma PYY levels were 
signifi cantly elevated in animals treated for 35 days with AMP-DNM 50 mg/kg/day 
compared to both control animals and animals treated with 3 mg/kg Rosiglitazone, a 
PPARγ-agonist. As was found in the mice in the current study, food intake and body 
weight gain were also considerably lower in the AMP-DNM treated rats. Whether 
PYY indeed mediates the AMP-DNM effect on fat oxidation and food intake in 
ob/ob mice remains to be established.
In conclusion, treatment with AMP-DNM rapidly increases fat oxidation and 
decreases glucose oxidation and food intake. This may be regulated by stimulation of 
specifi c brain areas, either directly by AMP-DNM or by an intermediate messenger. 
Added to the insulin sensitizing capacities of AMP-DNM, the ability of this drug to 
reduce body weight gain and increase fat oxidation makes it an attractive candidate 
for the treatment of obesity and its metabolic complications.
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Abstract
Objectives and background
Recent fi ndings have implicated glycosphingolipids as modulators of insulin recep-
tor activity. Studies with C57BL/6J ob/ob mice have shown that insulin sensitivity is 
enhanced by the synthetic hydrophobic iminosugar AMP-DNM (N-(5-adamantane-
1-yl-methoxy-pentyl)-deoxynojirimycin) that inhibits glucosylceramide synthase. 

Results
Here we treated the liver hepatoma cell line HepG2 with AMP-DNM, resulting in a 
70% reduction of glycosphingolipids, and we analyzed the effect on gene expression. 
Using whole human genome 44K oligonucleotide arrays, we identifi ed 89 genes 
that were signifi cantly (p<0.01) up- or down regulated by AMP-DNM treated treat-
ment. Of the 56 up-regulated genes, 17 were direct target genes for transcription 
factors sterol regulatory element-binding protein 1 (SREBP1) or SREBP2, which 
activate genes in the sterol biosynthesis pathway. An increase in cholesterol produc-
tion rate confi rmed that the induction of SREBP target genes seen at the mRNA 
level resulted in activation of the cholesterol biosynthesis pathway. It is interesting 
to note that the cholesterol content of the cells did not increase. It is noteworthy 
that no effects were found on expression of genes related to cell receptor signaling 
pathways, neither on toxicity or cell growth. 

Conclusion
Our fi ndings indicate that inhibition of glucosylceramide synthase with AMP-DNM 
leads to activation of SREBP target genes and synthesis of cholesterol in HepG2 
cells.
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Introduction

It has become increasingly clear that the lipid composition of cell membranes and 
especially of lipid rafts plays a major role in cell signaling processes. Lipid rafts or 
detergent-resistant membranes are specialized domains of cell membranes enriched 
in cholesterol, sphingomyelin, and glycosphingolipids (GSLs) (Lahiri and Futerman, 
2007). The signaling capacity of various receptors such as the insulin receptor and the 
epidermal growth factor receptor that reside in these lipid rafts can be infl uenced by 
changing the glycosphingolipid composition of these membrane domains (Rebbaa et 
al., 1996; Kabayama et al., 2005; Inokuchi, 2006). This process was fi rst described by 
Bremer et al. (1986) who showed that epidermal growth factor-mediated signaling is 
inhibited by the ganglioside sialocyllactosylceramide (GM3). Furthermore, addition 
of GM3 to adipocytes in culture suppresses phosphorylation of the insulin receptor, 
resulting in reduced glucose uptake (Tagami et al., 2002). This could have important 
physiological consequences because glycosphingolipids have indeed been shown 
to accumulate in tissues from insulin-resistant rodents and humans (Summers and 
Nelson, 2005). Moreover, GM3 synthase-defi cient mice are protected from high-fat 
diet-induced insulin resistance (Yamashita et al., 2003). Thus, either blocking GM3 
synthase or inhibiting the synthesis of excess glycosphingolipids could improve insulin 
signaling in vivo. 
We have described previously that N-(5-adamantane-1-ylmethoxy- pentyl)-deoxyno-
jirimycin (AMP-DNM), an inhibitor of glucosylceramide synthase, specifi cally lowers 
glycosphingolipid levels without affecting ceramide levels in various cell models 
(Overkleeft et al., 1998; Aerts et al., 2003; Wennekes et al., 2007). AMP-DNM was found 
to reverse insulin resistance and normalize blood glucose levels in animal models of 
diabetes and obesity (Zucker fa/fa rats, diet-induced obese mice, and ob/ob mice). The 
compound also ameliorated lipotoxicity in kidney and pancreas (Aerts et al., 2007). 
Although these effects can be ascribed to improved insulin receptor function via 
modulation of glycosphingolipid levels by AMP-DNM, the question remains whether 
this is the only effect of AMP-DNM in vivo. Glycosphingolipids are associated with a 
wide range of functions, ranging from mediation of cell adhesion to modulation of 
signal transduction (Lahiri and Futerman, 2007). 
To be able to begin to understand the effects of AMP-DNM in vivo, where various 
hormones and organs are involved in maintaining glucose homeostasis, we set out to 
investigate the effects of established low glycosphingolipids at the cellular level in vitro. 
The liver is one of the major players in the physiology of diabetes and obesity, due 
to its gluconeogenic capacity and its role in lipoprotein metabolism. We monitored 
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the effect of AMP-DNM on total gene expression in human hepatoma HepG2 cells 
using genome wide microarray analysis. We found that treatment of HepG2 cells 
with AMP-DNM results in 70% reduction of glycosphingolipid content without an 
effect on expression of genes related to cell receptor signaling pathways, toxicity, 
or cell growth. However, we did observe a specifi c activation of sterol regulatory 
element-binding protein (SREBP) target genes, associated with the synthesis of lipids 
and cholesterol. 

Materials and Methods 

HepG2 Cell Culture. 
The human hepatic cell line HepG2 was obtained from American Type Culture 
Collection (Manassas, VA) and cultured in Dulbecco’s modifi ed Eagle’s medium/
Ham’s nutrient mixture F-12 (DMEM/HAMF-12) (Invitrogen, Carlsbad, CA), sup-
plemented with 10% FCS at 10% CO2. For each experiment, cells were seeded in 
either 75- or 25-cm2 tissue culture fl asks or tissue culture plates as indicated and 
grown to 60 to 70% confl uence. Cells were incubated in DMEM/HAMF-12 with 
10μM AMP-DNM in 0.01% DMSO, or vehicle only. Incubation of control and AMP-
DNM-treated cells was continued for 0, 24, 48, or 72 h. AMP-DNM was synthesized 
as described previously (Overkleeft et al., 1998). 

Lipid Measurements
Ceramide and neutral lipids levels were determined exactly as described previously 
(Groener et al., 2007). In short, cells were washed three times in PBS, lysed in 500μl 
of water, and further disrupted by sonication (three strokes) on ice. Lipids were 
extracted with 2 ml of chloroform/methanol [1:1 (v/v)] according to Folch et al. 
(1957) followed by deacylation in 500 μl of 0.1M NaOH in methanol using a micro-
wave oven (CEM microwave Solids/Moisture System SAM-155; CEM, Matthews, 
NC). The deacylated lipids were derivatized for 30 min with the addition of 25 μl 
of O-phtaldehyde reagent to 50 μl of lipid mixture and separated with a highper-
formance liquid chromatography (HPLC) method. Gangliosides were detected as 
described recently (Ghauharali-van der Vlugt et al., 2008) by analysis of the acidic 
glycolipid fraction obtained by the Folch extraction. In short, the upper phase was 
desalted on a C18 Sep-Pak (Bakerbond) column, and the eluted gangliosides were 
digested with ceramide glycanase. The released oligosaccharides were labeled at 
their reducing end with the fl uorescent compound anthranilic acid (2-aminobenzoic 
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acid), before analysis using normal-phase HPLC. For total cholesterol and cholester-
ol-ester determination, cells were washed in PBS, lysed in 500 μl of 1% Triton X-100 
(v/v), and further disrupted by sonication. Cholesterol content in these samples was 
measured using the cholesterol oxidase reaction coupled to fl uorometric determi-
nation of hydrogen peroxide as described previously (Elferink et al., 1998). 

Microarray Expression Profi ling and Pathway Analysis
Cells were incubated in 75-cm2 tissue culture fl asks for 48 h in either normal 
medium (n = 6 for reference RNA on the arrays), medium with vehicle (n=3 control 
samples), or medium with 10 μM AMP-DNM (n = 3 treated samples). Subsequently, 
RNA was extracted using the TRIzol RNA isolation method (Invitrogen), followed 
by a purifi cation step using RNA II NucleoSpin columns, including DNase treatment 
(Machery Nagel, Düren, Germany). RNA concentration and integrity were deter-
mined with a NanoDrop (Wilmington, DE) and Agilent 2100 bioanalyzer (Agilent 
Technologies, Santa Clara, CA), respectively. The individual samples from the control 
and treated cells were used for probe synthesis and hybridized on separate arrays 
against a probe made from a pool of reference RNA. Probe synthesis and microar-
ray hybridizations were performed by Service XS (Leiden, The Netherlands) using a 
direct labeling reaction and human whole genome 44K arrays (Agilent Technologies). 
Processed images were imported into the Rosetta Resolver database and analysis 
software (Rosetta Biosoftware, Seattle, WA). Statistical analysis was performed using 
false discovery rate-corrected p values, involving a recalculation of the p values using 
a Benjamini-Hochberg correction for multiple testing. Genes with a signifi cantly (p 
< 0.05) altered expression profi le were imported into pathway analysis software 
(MAPPfi nder version 2.0) and PubMed-mining software (Ingenuity Pathway Analysis 
version 2; Ingenuity Systems, Redwood City, CA) for further analysis. 

Expression-Level Analysis
Quantitative gene analysis was used to confi rm differential gene expression of can-
didate transcripts found by microarray analysis. Total RNA (2 μg) was used for 
fi rststrand cDNA synthesis with SuperScript II reverse transcriptase and oligo(dT) 
primer (Invitrogen). The PCR primers were designed using Primer 3 (Rozen and 
Skaletsky, 2000), and specifi city was verifi ed by conventional PCR. Quantitative PCR 
was performed with the MyIQ real-time detection system (Bio-Rad, Hercules, CA) 
using the SYBR Green I reaction mix (Bio-Rad). PCRs were performed in duplicate 
and normalized to cyclophilin and acidic ribosomal phosphoprotein P0 (36B4). 



114

Preparation of Nuclear Extracts and Western Blot Analysis
HepG2 cells were incubated in DMEM/HAMF-12 with 10 μM AMP-DNM in 0.01% 
DMSO, or vehicle only for 48 h in 10-cm2 tissue culture dishes. Subsequently, cells 
were washed with ice-cold PBS. To prevent degradation of proteins, a cocktail of 
protease inhibitors was added to the lysis buffer (Complete; Roche Molecular 
Biochemicals, Indianapolis, IN). Nuclear and cytosolic extracts were prepared using 
a nuclear extract kit (NE-PER; Pierce Chemical, Rockford, IL) according to the manu-
facturer’s protocol. The protein concentration was measured with the bicinchoninic 
acid protein assay kit (Pierce Chemical). Nuclear extracts containing samples were 
desalted using protein desalting spin columns (Pierce Chemical). Equal amounts 
of proteins (20 μg) were subjected to electrophoresis on 10% SDS-polyacryla-
mide gels and then transferred to polyvinylidene difl uoride membranes (Millipore 
Corporation, Billerica, MA) using an electroblotting apparatus (Bio-Rad). The blots 
were blocked in Starting Block buffer (Pierce Chemical) and incubated with a poly-
clonal antibody against SREBP1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) 
diluted (1:500) in block buffer containing 0.01% (v/v) Tween 20, overnight at 4°C. 
Blots were washed for 30 min in TBS (10 mM Tris-HCl, pH 8.0, and 150 mM NaCl) 
containing 0.01% (v/v) Tween 20. After washing, the membranes were incubated with 
secondary antibody (anti-rabbit IgG peroxidase conjugate; Dako North America, 
Inc., Carpinteria, CA) diluted 1:3000 in block buffer containing 0.01% Tween 20, for 
1 h at room temperature. Proteins were detected with the enhanced chemilumines-
cence system (Amersham, Chalfont St. Giles, UK) and X-ray fi lm. The densitometric 
analysis of bands was done with ImageQuant software (GE Healthcare). To confi rm 
equal protein loading and blotting, total protein on the blots was detected with a 
MemCode reversible protein stain kit (Pierce Chemical).

Cholesterol Synthesis Measurements
HepG2 cells were preincubated with DMEM/HAMF-12 with 10 μM AMP-DNM in 
0.01% DMSO, or vehicle only for 40 h in 25-cm2 tissue culture fl asks. Subsequently, 
1 μCi of [1-14C] acetate was added to the culture medium, and fl asks were sealed 
with a rubber cap. After 4 h, 200 μl of 2 M NaOH was injected through the rubber 
cap into a small cup inside the culture fl ask, and the produced (radioactive) CO2 
was trapped for 30 min. Cells were washed three times with 0.2% (w/v) BSA in 
TBS, 3 times with TBS only, and then lysed in 0.2 M NaOH. Radioactivity in the 
homogenates and trapped CO2 was measured by liquid scintillation counting and 
total protein content by bicinchoninic acid staining (Pierce, Rockford, IL). 
Lipids in the homogenates were hydrolyzed in 50% (w/v) NaOH and extracted three 
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times with hexane. Extracts were evaporated under nitrogen and separated by silica 
thin layer chromatography with diethyl ether/petroleum benzin/acetic acid (50:50:1) 
as the mobile phase. Cholesterol was quantifi ed by phosphorimaging (Fuji FLA-3000 
PhosphorImager; Agilent Technologies) with the aid of Aida software package. 

Cholesterol Effl ux
Cholesterol effl ux in HepG2 cells was measured with or without AMP-DNM incu-
bation. HepG2 cells were incubated with DMEM/HAMF-12 with 10 μM AMP-DNM 
in 0.01% DMSO, or vehicle only for 24 h. Cells were then loaded for an additional 
24 h with 0.5 μCi/ml 3H-labeled cholesterol in fresh culture medium with 10 μM 
AMP-DNM in 0.01% DMSO, or vehicle only. After the 48-h incubation period, cells 
were washed four times with 0.2% (w/v) free fatty acid-free BSA in Hanks’ balanced 
salt solution. Acceptor medium (DMEM/HAMF-12 with 0.2% free fatty acid-free 
BSA with 10 μM AMP-DNM in 0.01% DMSO, or vehicle only) supplemented with 
various cholesterol acceptors (10% FCS, 10 μg/ml ApoA-I, or 100 μg/ml HDL) was 
added followed by 24-h incubation. Subsequently, the medium was collected, cells 
were lysed in isopropanol, and [3H]cholesterol content in the medium and lysates 
was quantifi ed by liquid scintillation counting. Cholesterol effl ux to the various 
acceptors was calculated by dividing the output of [3H]cholesterol to the medium 
by the input (total counts in both medium and isopropanol extracted lipids). The 
infl uence of possible cholesterol exchange between medium and cells on net fl ux 
was evaluated by measuring cholesterol mass transfer. To this end, effl ux experi-
ments as described above were performed with the omission of [3H]cholesterol. 
Free cholesterol and cholesterol-ester were measured in input media, cells, and 
effl ux media. Net cholesterol mass transfer was calculated by subtracting the free 
cholesterol in the input media from the amount of free cholesterol in the acceptor 
media after the effl ux period. 

Statistics
All results are presented as means ±S.D. Statistical signifi cance of differences was 
evaluated by Student’s t test. Signifi cance was set at p <0.05. 



116

Results 

Modulation of Glycosphingolipid Levels by AMP-DNM in HepG2 Cells
HepG2 cells were incubated for up to 72 h with 10 μM AMP-DNM, a concentration 
that was shown previously to block glucosylceramide synthase activity in cultured 
cells completely (IC50 = 1.5 μM; Aerts et al., 2007). After the indicated time inter-
vals, lipids were extracted, and ceramide, GlcCer, LacCer, ceramide trihexoside, and 
GM3 contents were quantifi ed (Fig. 1). In accordance with previous results, cera-
mide levels remained constant upon exposure to AMP-DNM. In contrast, GlcCer 
and LacCer levels decreased to 58 and 67%, respectively, within 24 h, declining even 
further upon prolonged treatment (to less than 35% after 72 h). The GM3 content 
showed an even more rapid decrease in the fi rst 8 h, resulting in a 49% reduction 
after 24 h and declining still further to a level of 17% after 72 h. We could not detect 
changes in total cell number, protein concentration, or RNA concentration between 
treated and control cell culture fl asks at any of the indicated time intervals (data 
not shown). 

0

25

50

75

100

125 cer
glccer
laccer
CTH
GM3

Time (hours)

R
el

at
iv

e 
lip

id
co

nt
en

t 
(%

)

0 8 24 48 72

*

*

*

*

*

Fig. 1. Effect of AMP-DNM on ceramide and glycosphingolipid levels in HepG2 cells. HepG2 cells were treated with 
control or AMP-DNM (10μM) medium for 48 h. Sphingolipid content was determined by HPLC based procedures 
as described under Materials and Methods. Values represent means of three wells of AMP-DNM-treated cells 
related to means of three wells of control-treated cells ± S.D. Data are representative of three independent 
experiments.

Identifi cation of AMP-DNM-Responsive Genes 
Inhibition of glycosphingolipid synthesis occurs almost instantly after addition of 
AMP-DNM to the culture medium, and a reduction in glycosphingolipids is there-
fore visible at an early time point. In this study, we monitored the adaptations on 
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the level of gene expression due to established low levels of glycosphingolipids as 
can be found in the in vivo situation where liver sphingolipid levels are permanently 
reduced by approximately 60% after AMP-DNM treatment. A similar reduction in 
glycosphingolipid levels was reached after 48 h of AMP-DNM treatment in vitro, 
and we thus used this time point to monitor gene expression. Using Agilent whole 
human genome 44K oligonucleotide arrays, we identifi ed 89 genes that were sig-
nifi cantly (p< 0.01) up- or down-regulated after treating HepG2 cells for 48 h with 
10 μM AMPDNM. Literature data mining and pathway analysis, using the Ingenuity 
pathway analysis software on this set of 89 AMP-DNM-responsive genes, revealed a 
signifi cant induction of genes classifi ed to sterol metabolic processes (Table 1). 
Transcription of genes in the sterol synthesis pathway is controlled by a family of 
transcription factors, the SREBPs. Three isoforms exist, SREBP-1a, SREBP-1c, and 
SREBP-2. SREBP-1a is a potent activator of all SREBP-responsive genes and the 
dominant isoform in most cultured cell lines, including HepG2 (Shimano et al., 1997; 
Shimomura et al., 1997; Amemiya-Kudo et al., 2002), precluding the possibility to 
differentiate between SREBP1- and SREBP2-mediated effects. 
Further analysis of the microarray data indicated that of the 51 published SREBP1 
and -2 target genes that were present on the array (Horton et al., 2003), 27 were 
signifi cantly up-regulated (17 with p < 0.01 and 10 with 0.01 <p < 0.05, indicated 
with an asterisk in Table 1) upon AMP-DNM treatment of HepG2 cells. In total, 21 
of these genes were classifi ed to the sterol metabolic processes, including the rate-
limiting enzyme in the cholesterol synthesis pathway 3-hydroxy-3-methylglutaryl-
CoA reductase. Up-regulation of these genes was modest (up to 1.4-fold change 
in expression level), but none of the SREBP-responsive genes present on the array 
were down-regulated. 
In addition to the 21 genes encoding proteins involved in the sterol biosynthesis 
pathway, a large group of genes involved in lipid metabolic processes was signifi -
cantly (p < 0.01) induced by AMP-DNM treatment of HepG2 (Table 1; lipid meta-
bolic processes). Six of these genes, e.g., the fatty acid desaturases, are part of the 
SREBP1a-activated pathway for monounsaturated and polyunsaturated fatty acid 
synthesis. Other genes found are also involved in lipid metabolic processes, although 
they are not directly regulated by SREBPs. For example, the acyl-CoA-binding pro-
teins bind medium- and long-chain acyl-CoA esters with very high affi nity and may 
function as intracellular carriers of acyl-CoA esters. Fatty acid-binding protein 1 
also binds long-chain fatty acids and is able to bind bile salts as well. It is an abundant 
constituent of the cytoplasm and has a major role in bile acid and biliary cholesterol 
metabolism (Martin et al., 2005). 
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Table 1. Genes whose transcripts in HepG2 cells change with 10μ M AMP-DNM treatment
Classifi cation groups are sterol, lipid, and general metabolic processes. HepG2 cells were treated with control or 
AMP-DNM (10 μM) medium for 48 h. The mRNA expression of each gene in AMP-DNM-treated cells compared 
with vehicle-treated cells is shown. Genes with a relative expression exceeding 1.2 (absolute -fold change 1.2) and 
(p<0.01) are grouped according to function and are listed in alphabetical order under each heading.

Gene

E
xp

re
ss

io
n

Sh
or

tn
am

e

D
at

ab
as

e 
ID

Sr
eb

pa

Sterol metabolic processes
3-hydroxy-3-methylglutaryl-Coenzyme A reductase 1.32b HMGCR NM_000859 1/2

3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 1.44 HMGCS1 AK025736 1/2

3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 1.46b HMGCS NM_002130 1/2

7-dehydrocholesterol reductase 1.54 DHCR7 NM_001360 1/2

Acetyl-Coenzyme A acetyltransferase 2 1.40 ACAT2 NM_005891 2

Acetyl-Coenzyme A acetyltransferase 2 1.41 ACAT2 AF356877 2

Acetyl-Coenzyme A synthetase 2 1.30 I_961211 I_961211 1/2

Cytochrome P450, family 51, subfamily A, pp 1 1.26b CYP51A1 NM_000786 1/2

Farnesyl diphosphate synthase 1.39 FDPS NM_002004 1/2

Farnesyl-diphosphate farnesyltransferase 1 1.37 FDFT1 NM_004462 1/2

Hydroxysteroid (17-beta) dehydrogenase 12 1.17b HSD17B12 NM_016142 1/2

Hydroxysteroid (17-beta) dehydrogenase 7 1.20 HSD17B7 NM_016371 1/2

Isopentenyl-diphosphate delta isomerase 1.43 I_1221852 I_1221852 1/2

Isopentenyl-diphosphate delta isomerase 1 1.51 IDI1 NM_004508 1/2

Lanosterol synthase 1.49 LSS NM_002340 1/2

Lanosterol synthase 1.29b LSS AK096769 1/2

Low density lipoprotein receptor 1.20b LDLR NM_000527 1/2

Proprotein convertase subtilisin/kexin type 9 1.66 PCSK9 NM_174936 1

Squalene epoxidase 1.45 SQLE NM_003129 1/2

Sterol-C5-desaturase-like 1.37 SC5DL NM_006918 1/2

Sterol-C5-desaturase-like 1.34 SC5DL BC012333 1/2

Lipid metabolic processes
cAMP-dependent Protein kinase, type 1alpha, 

similar to 

1.24 PRKAR1A AK097580

cAMP-dependent Protein kinase, type1 alpha 1.27 PRKAR1A NM_002734
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Acyl-CoA-binding protein 1.25 ACBP NM_020548

ELOVL family member 5 1.25b ELOVL5 NM_021814 1

ELOVL family member 6 1.34 ELOVL6 NM_024090 1/2

Fatty acid binding protein 1, liver 1.40 I_940092 I_940092

Fatty acid binding protein 1, liver 1.39 FABP1 NM_001443

Fatty acid desaturase 1 1.22b FADS1 NM_013402 1

Fatty acid desaturase 2 1.35 FADS2 NM_004265 1

Stearoyl-CoA desaturase 1.41 SCD NM_005063 1

Stearoyl-CoA desaturase 1.31b SCD AF132203 1

Stearoyl-CoA desaturase, Strong similarity to 1.46 I_1860155 I_1860155

UDP glucuronosyltransferase 2 family, polypeptide B10 1.29 I_957740 I_957740

UDP glucuronosyltransferase 2 family, polypeptide B28 1.32 UGT2B28 NM_053039

UDP glucuronosyltransferase 2 family, polypeptide B4 1.45 UGT2B4 NM_021139

UDP glucuronosyltransferase 2 family, polypeptide B7 1.33 UGT2B7 NM_001074

General metabolic processes
2-oxoglutarate 4-dioxygenase 1.45 P4HA2 NM_004199

Cadherin 1 1.38 CDH1 NM_004360

Calreticulin 1.55 CALR NM_004343

CD4 molecule 1.25 CD4 NM_000616

Lipase A 1.46 LIPA NM_000235

Meprin A, alpha 1.33 MEP1A NM_005588

NADP+ specifi c isocitrate dehydrogenase 1.24 ENST00000305820

Phosphatidylinositol binding clathrin assembly protein 1.66 PICALM BF335836

Protein with high similarity to klotho (mouse Kl) 1.32 I_1109100 I_1109100

Serpin peptidase inhibitor, clade E, member 2 -1.24 SERPINE2 NM_006216

Solute carrier family 2 (facilitated glucose transporter) -1.38 SLC2A3 NM_006931

Transthyretin 1.32 TTR NM_000371

a SREBP1a (1), SREBP2 (2), or both (1/2) regulated as described by Horton et al. (2003).

b SREBP-regulated genes are added if they fulfi lled the criteria absolute -fold change 1.2 and p<0.05.
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The third group detected consists of genes classifi ed as involved in general meta-
bolic processes. However, some of these genes are also involved in cholesterol and 
lipid homeostasis, such as lysosomal acid lipase, otherwise known as acid cholesteryl 
ester hydrolase. Lysosomal acid lipase is essential for the intracellular hydrolysis of 
cholesteryl esters and triglycerides that have been internalized via receptormedi-
ated endocytosis of lipoprotein particles. 
Remaining classifi cation groups (responsive to chemical stimuli, miscellaneous, and 
unclassifi ed) are provided as supplemental data. 

AMP-DNM Treatment Gives Higher Levels of Nuclear SREBP and 
Induces Cholesterol Synthesis
The concerted induction of various key genes in the sterol biosynthesis pathway 
suggests an effect of AMP-DNM on their mutual transcription factor SREBP. Indeed, 
real-time reverse transcription-PCR detected an almost 2-fold induction of SREBP1a 
mRNA by AMP-DNM incubation (Fig. 2A). SREBPs are located as inactive precursors 
in the ER. Only when cells become cholesterol-depleted does SREBP cleavage- acti-
vating protein escort the SREBP from the ER to the Golgi apparatus for processing 
and activation, followed by transportation to the nucleus (Horton, 2002). Western 
blot analysis of total cell lysates and isolated nuclei indeed showed that AMP-DNM 
treatment specifi cally increased the amount of nuclear SREBP (Fig. 2B). 
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Fig. 2. AMP-DNM treatment induces nuclear SREBP. 
HepG2 cells were treated with control or AMP-DNM (10 μM) medium for 48 h. A, RNA levels for SREBP1 were 
analyzed by quantitative PCR (n=  3). -Fold induction by AMP-DNM treatment is indicated. , **p< 0.01. 
B, Western blot analysis performed with antibody against SREBP1 on the cytosolic fraction and isolated nuclei of 
control or AMP-DNM-treated HepG2 cells. P and M indicate the precursor (125-kDa) and mature (68-kDa) forms of 
SREBP1. Bars indicate means (n  =3) of quantifi ed SREBP1 levels ± S.D. corrected for total protein levels.*, p <0.05.
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We next investigated the physiological consequences of enhanced SREBP target 
gene expression. Total cholesterol production was measured using [14C]acetate in 
HepG2 cells incubated for 48 h with or without 10 μM AMP-DNM. An increase of 
84% in total cholesterol synthesis was observed in AMP-DNM-treated cells com-
pared with control cells (Fig. 3), in line with the increase in mRNA expression of the 
sterol biosynthesis genes that was observed under the same conditions. Stimulated 
cholesterol production was not due to an increase in overall metabolic activity, 
because the CO2 production was equal in control and treated cells (Fig. 3). 

AMP-DNM Treatment Induces Cholesterol Effl ux
After the observation that cholesterol production was increased, we analyzed the 
effl ux of cholesterol upon GSL reduction in AMP-DNM-treated cells to various 
possible acceptors (HDL, ApoA-I, or normal culture medium). We detected a small 
but signifi cant increase in effl ux rates of cholesterol in AMP-DNM-treated cells 
with normal culture medium (containing 10% FCS) as the acceptor. Although there 
seemed to be a small additive effl ux in AMP-DNM-treated cells when ApoA-I and 
HDL were provided as acceptors, these results were not signifi cant (Fig. 4). Similar 
effl ux results were obtained when we measured total cholesterol mass transfer, 
confi rming that the effl ux was due to an increase in cholesterol output. We did not 
fi nd an effect of AMP-DNM treatment on bile acid secretion (data not shown). 
The increase in cholesterol production and the small increase in effl ux infl uenced 
the cellular cholesterol pool size. After 24 h, no change in cholesterol pool size was 
observed. After 48 h of treatment, the cholesterol ester content and total levels of 
cholesterol were below control levels (Fig. 5). 
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Fig. 3. AMP-DNM treatment induces cholesterol synthesis in HepG2 cells. 
HepG2 cells were treated with 10 M AMP-DNM in 0.01% DMSO, or vehicle only for 40 h. Subsequently cells were 
loaded with [14C] acetate and after 4 h CO2 was captured and quantifi ed with LSC as described under Materials and 
Methods. Cholesterol was extracted and spotted on thin layer chromatography. Data are means of three separate 
fl asks ± S.D. , *p < 0.05.
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Fig. 4. Effect of AMP-DNM on cholesterol effl ux in 
HepG2 cells. HepG2 cells were treated with 10 μM 
AMP-DNM in 0.01% DMSO, or vehicle only for 24 h. 
Cells were then loaded for an additional 24 h with 3H-
labeled cholesterol in fresh culture medium with 10 M 
AMP-DNM in 0.01% DMSO, or vehicle only. After this 
incubation, the effl ux of [3H]cholesterol to various 
acceptors was measured as described under Materials 
and Methods. Data are means of three separate wells 
± S.D.  *p < 0.05.

Discussion 

The most striking result in this study is that treatment of the liver hepatoma cell line 
HepG2 with the iminosugar AMP-DNM had only a minor effect on gene expres-
sion despite a strong reduction of GlcCer, LacCer, and GM3 content of these cells 
to 33, 35, and 27%, respectively (Fig. 1). Using a 44K Agilent chip-based approach, 
we identifi ed only 89 genes that showed reproducible up- or down-regulation in 
response to AMP-DNM treatment (Table 1). This effect was not observed in earlier 
time points (data not shown), indicating that it was a result of glycosphingolipid 
lowering rather than a direct effect of AMP-DNM on gene expression. It is interest-
ing to note that of the 56 up-regulated genes, 17 (p < 0.01) were direct target genes 
for transcription factors SREBP1 or SREBP2 that activate genes in the sterol and 
lipid biosynthesis pathways. Indeed, we found an increased amount of SREBP in the 
nucleus (Fig. 2B). An 84% increase in cholesterol production rate confi rmed that 
the presence of nuclear SREBP resulted in activation of the cholesterol biosynthesis 
pathway (Fig. 3). The increase in cholesterol production did not lead to increased 
cholesterol pools. On the contrary, cholesterol pool size slightly decreased after 
48h of AMP-DNM treatment, probably refl ecting an increase in cholesterol effl ux. 
Cholesterol effl ux from cells is a complex process mediated primarily by the ABC 
transporters ABCA1 and ABCG1, but the HDL receptor scavenger receptor class 
B type I and passive aqueous diffusion also have been implicated. Expression levels 
of these transporters were not signifi cantly altered by AMP-DNM. Consequently, 
the lack of signifi cant increase in effl ux to apolipoprotein A-I or HDL came not as a 
surprise. In hepatocytes, in vivo cholesterol can also be effl uxed by the cholesterol 
transporter heterodimer ABCG5/ ABCG8, which is presented at the canalicular 
membrane in polarized cells. HepG2 cells express ABCG5 and ABCG8. However, 
these cells are not polarized, and ABCG5 and ABCG8 are probably only expressed 
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in intracellular vacuoles. Furthermore, it has been shown recently that effl ux medi-
ated by ABCG5 and ABCG8 occurs only in the presence of micellar concentrations 
of bile salt (Vrins et al., 2007). We did not add bile salts in our experiments, so even 
if the proteins are partly present on the plasma membrane no ABCG5/ABCG8-
mediated effl ux can occur. 
Previous studies in fi broblasts have shown that depletion of GSL after incubation 
with 1-phenyl-2-decanoylamino-3- morpholino-1-propanol, a glucosylceramide syn-
thase inhibitor, promoted the ApoA-I-dependent cholesterol effl ux (Glaros et al., 
2005). It is apparent that liver cells behave differently. We did detect a small but sig-
nifi cant increase in effl ux rate of cholesterol in AMP-DNM-treated cells to normal 
culture medium. The culture medium contains 10% FCS, which apparently does 
contain as yet uncharacterized cholesterol acceptors, explaining the slight decrease 
in intracellular cholesterol observed after 48 h of incubation. No increase in bile 
acids was observed, the primary metabolite of cholesterol in liver cells. However, 
we can not exclude that some cholesterol has been converted to cholesterol-glu-
curonide, sulfate or glucoside. 
Events leading to SREBP activation upon reduction in sphingolipid levels, rather than 
by classic activation by cholesterol depletion, are somewhat enigmatic. However, 
experiments by Scheek et al. (1997) suggest that the balance between cholester-
ol and other components of the ER membrane, such as sphingomyelin, is more 
important for SREBP activation than cholesterol levels as such. Although we could 
not detect changes in total sphingomyelin levels in these cells (data not shown), 
it is possible that AMP-DNM treatment causes a disturbed balance in cholesterol 
and (glyco)sphingolipids in the ER membrane, (in)directly leading to SREBP activa-
tion. More recent studies have also shown that synthesis of sphingolipids in itself 
activates SREBP processing, independently of cellular cholesterol concentration 

Fig. 5. Effect of AMP-DNM on cholesterol pools in HepG2 cells. 
HepG2 cells were treated with 10 μM AMP-DNM in 0.01% 
DMSO, or vehicle only for either 24 or 48 h. Total cholesterol 
was extracted and quantifi ed as described under Materials and 
Methods. Data are means of three independent experiments ± 
S.D. , *p <  0.05.
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(Worgall et al., 2002, 2004). Cholesterol-independent SREBP regulation is also found 
in Drosophila melanogaster, where SREBP levels are regulated by phospholipids 
instead of sterols (Rawson, 2003). 
Despite the substantial effect of AMP-DNM treatment on GSL levels in HepG2 
cells, the effects on gene expression patterns were small-scale, with only 89 genes 
signifi cantly up- or down-regulated. Although AMP-DNM was shown to have an 
effect on insulin sensitivity (Aerts et al., 2007), we did not fi nd genes involved in any 
of the known receptor signaling pathways to be signifi cantly regulated. The microar-
ray data results show that AMP-DNM modulates SREBP processing, possibly by 
altering the glycosphingolipid content of the cells. It is not clear how the in vitro 
induction of SREBP target genes in liver upon AMP-DNM treatment relates to the 
benefi cial effects on blood glucose levels and insulin resistance in animal studies. 
Additional in vivo and in vitro studies will be performed to elucidate the effects of 
glycosphingolipid manipulation in metabolically important tissues such as liver, gut, 
fat, and muscle cells. Studying the effects of AMP-DNM in various tissues will bring 
us a better understanding of how glycosphingolipids are involved in various features 
of the metabolic syndrome. 
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Abstract
Objectives and background
Recent reports indicate that glycosphingolipids play an important role in regulation 
of carbohydrate metabolism. We have shown that the iminosugar AMP-DNM (N-(5’-
adamantane-1’-yl-methoxy)-pentyl-1-deoxynojirimycin), an inhibitor of the enzyme 
glucosylceramide synthase, is a potent enhancer of insulin signaling in rodent models 
for insulin resistance and type 2 diabetes. In this study we determined whether 
AMP-DNM also affects lipid homeostasis and, in particular, the reverse cholesterol 
transport pathway.

Results
Treatment of C57BL/6J mice with AMP-DNM for 5 weeks decreased plasma levels 
of triglycerides and cholesterol by 35%, whereas neutral sterol excretion increased 
twofold. Secretion of biliary lipid also increased twofold, which resulted in a similar 
rise in bile fl ow. This effect was not due to altered expression levels or kinetics of 
the various export pumps involved in bile formation. However, the bile salt pool size 
increased and the expression of Cyp7A1 was up-regulated. In vitro experiments 
using HepG2 hepatoma cell line revealed this to be due to inhibition of fi broblast 
growth factor-19 (FGF19)- mediated suppression of Cyp7A1 via the FGF receptor. 

Conclusions 
Pharmacological modulation of glycosphingolipid metabolism showed surprising 
effects on lipid homeostasis in C57BL/6J mice. Upon administration of 100 mg AMP-
DNM/kg body weight/ day, plasma cholesterol and triglyceride levels decreased, 
biliary lipid secretion doubled and also the endpoint of reverse cholesterol trans-
port, neutral sterol excretion doubled.
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Introduction

The prevalence of metabolic syndrome and type 2 diabetes is rapidly increasing in 
our sedentary western society. The cause of this growing epidemic is complex and 
thought to include lifestyle factors and as-yet unidentifi ed genetic and environmental 
determinants.1 Experiments that show direct interference of fatty acid metabolites 
with insulin signaling provide a link between obesity and insulin resistance.2 Recent 
studies have focused on the complex interplay between glycosphingolipids (GSLs) 
and the insulin receptor in lipid rafts.3 It has been shown that pharmacological 
lowering of GSLs with inhibitors of glucosylceramide synthase potently improves 
glucose tolerance and enhances insulin signaling in rodent models for type 2 dia-
betes.4,5 Two different classes of inhibitors were used in these studies: the imino-
sugar (N-(5’-adamantane-1’-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM) 
and (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 (Genz-123346). These com-
pounds exert their function by decreasing the availability of glucosylceramide, the 
substrate for synthesis of more complex GSLs such as gangliosides.4,5 These classes 
of inhibitors were initially developed to be used in the research fi eld of lysosomal 
storage disorders. A similar compound (N-butyldeoxynojirimycin) is a registered 
drug for the treatment of Gaucher disease, an inherited disorder in glucosylcera-
mide degradation.6 

Modulation of cell signaling by gangliosides is a major area of investigation. Various 
studies have demonstrated regulation of growth factor signaling through the epi-
dermal growth factor,2,7 fi broblast growth factor (FGF),8 platelet-derived growth 
factor,9 and insulin receptors.4,10,11 Depending on cell type, ganglioside species, and 
experimental conditions, gangliosides either inhibit or enhance growth factor signal-
ing (overview in Kaucic et al.12). Recently the importance of gangliosides in receptor 
signaling has extended into the fi eld of transporter research. There is increasing 
evidence that transporters (e.g., the adenosine triphosphate-binding cassette [ABC] 
transporters P-glycoprotein/Abcb1 and Abca1, and Breast Cancer Resistant Protein, 
BCRP/Abcg2) are located in detergent-resistant membrane domains in close prox-
imity to gangliosides, and that membrane composition could be involved in regula-
tion of transporter activity. 13-16 
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Considering the above, the question arose whether manipulating membrane GSL 
composition by AMP-DNM treatment may change in vivo processes (other than 
insulin signaling) which critically depend on membrane properties. We were espe-
cially interested in pro cesses that are disturbed in the metabolic syndrome such 
as lipid metabolism. A key pathway that depends on proper functioning of many 
transporters and receptors and could possibly be disturbed by changes in GSL 
levels is the reverse cholesterol transport (RCT) pathway. This is the pathway for 
cholesterol elimination via uptake by the liver and the subsequent bile secretion 
and fecal excretion.17 It is the main pathway for removal of excess cholesterol 
from the body and important for maintaining cholesterol homeostasis. The fi rst 
step in this process is the effl ux of cholesterol from macrophages to pre-ß-high 
density lipoprotein (HDL) and HDL2. In macrophages, the activity of ABCA1, which 
is involved in uploading apolipoprotein(Apo)A-I and pre-ß-HDL with cholesterol 
and phospholipids, has been shown to be sensitive to the presence of membrane 
GSLs.16 Inhibition of GSL synthesis with PDMP (1-phenyl-2-decanoylamino-3- mor-
pholino-1-propanol) increased cholesterol effl ux from human fi broblasts and mac-
rophages to ApoA-I considerably, suggesting that membrane composition regulates 
ABCA1 activity. Whether the activity of the other important effl ux-ABC transporter 
ABCG1 is infl uenced as well has not yet been studied. In a concerted action, both 
ABC transporters convert lipid-poor apoA-I to nascent HDL and cholesterol-rich 
HDL18 which is transported to the liver. After uptake, the cholesterol is transported 
to the bile either in its free form or after metabolism as bile salt. Transport across 
the canalicular membrane of the hepatocyte is conveyed by a number of ABC trans-
porters. The canalicular membrane of hepatocytes is an extremely rigid detergent-
resistant membrane19,20 rich in cholesterol and sphingomyelin and also contains 
GSLs. To investigate whether pharmacological lowering of GSLs may infl uence the 
activity of these ABC transporters, we treated C57BL/6J mice with the iminosugar 
AMP-DNM and determined the effect on cholesterol homeostasis including biliary 
lipid secretion and RCT. Surprising results were obtained: AMP-DNM decreased 
plasma cholesterol and phospholipids, and increased biliary lipid secretion, which 
led to an increase in RCT.   
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Materials and Methods 

Materials
AMP-DNM was synthesized as described. 21 All solvents and reagents used were of 
analytical grade. 

Animals
C57BL/6J mice (~22 gram) were obtained from Harlan Laboratories (Horst, The 
Netherlands). Mice (~7 weeks old) received the rodent AM-II diet (Arie Blok 
Diervoeders, Woerden, The Netherlands) with 0, 25, or 100 mg AMP-DNM/kg 
body weight (bw)/ day mixed with the food. All mice were maintained groupwise 
(six animals per group) in a temperature-controlled (23°C) facility with a regular 
12-hour light/dark cycle and were given free access to food and water. All experi-
ments were performed with the approval of the local Ethical Committee for Animal 
Experiments. 

Bile Sampling
Cannulation of the gallbladder and bile collection was performed as described.22 
Briefl y, the animals were anesthetized by intraperitoneal injection of Hypnorm (fen-
tanyl/fl uanisone) at 1 mL/kg bw and diazepam at 10 mg/kg bw. The common bile 
duct was ligated and bile was diverted via cannulation of a puncture wound in the 
gallbladder fundus. Sham-treated animals underwent the same procedure with bile 
duct exposure, but without ligation. Directly after cannulation, bile was collected for 
15 minutes and bile samples were immediately frozen at -20°C. Bile fl ow was deter-
mined gravimetrically assuming a density of 1 g/mL for bile. To determine maximal 
rates of biliary lipid secretion, bile was collected for 90 minutes into several frac-
tions to deplete the endogenous bile salt pool. Subsequently, tauroursodeoxycho-
late (TUDC, 45 mM stock solution), dissolved in phosphate-buffered saline (PBS), 
was infused into a tail vein at stepwise increasing concentrations as indicated in the 
fi gures for a total of 120 minutes. During the infusion period, bile was collected in 
10 minute fractions and stored at -20°C. 

Plasma and Tissue Sampling
Blood samples were collected by tail vein. A large blood sample was collected by 
cardiac puncture and plasma was stored at -20°C. Tissues were quickly removed 
and either used directly, or immediately placed in liquid nitrogen until further analy-
sis. For western blot analysis, liver sections (10-15 mg) were pulverized under liquid 
nitrogen, and the frozen powder was added to RIPA lysis buffer (25 mM Tris, pH 
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7.4, 150 mM, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.01% 
SDS) with protease inhibitors (Complete, Roche Molecular Biochemicals, Almere, 
The Netherlands) and left to stand on ice for 30 minutes. Lysates were clarifi ed by 
centrifugation (16,000g for 10 minutes) and supernatants were collected and stored 
at -80°C.

Analytical Procedures
Blood glucose levels were determined in plasma of nonfasted animals using a 
handheld Glucometer (Ascensia Elite, Bayer AG, Leverkusen, Germany). Biliary 
bile salt, phospholipids and cholesterol were measured by fl uorescent methods as 
described.23,24 Cholesterol, phospholipids, triglycerides (TGs), and free fatty acids 
(FFAs) in plasma and liver samples were determined using colorimetric enzymatic 
kits from Wako (Wako Chemicals GmbH, Neuss, Germany) and Biolabo (Maizy, 
France). For fecal bile salt and neutral sterol analysis, 1-day fecal samples were col-
lected, lyophilized, and grinded. Samples were prepared for bile salt and fecal neutral 
sterol analysis by mass spectroscopy and gas chromatography as described previ-
ously.10,25 To correct the obtained lipid values for the amount of tissue, the protein 
content of the liver was measured using the bicinchoninic acid method (Pierce, 
Perbio Science Nederland BV, Etten- Leur, The Netherlands). 

HepG2 Cell Culture and Stimulation
HepG2 cells were obtained from the American Type Culture Collection (Manassas, 
VA) and cultured in Dulbecco’s modifi ed Eagle’s medium/HAM’s Nutrient Mixture 
F-12 (DMEM/HAMF-12) (Invitrogen, Carlsbad, CA), supplemented with 10% fetal 
bovine serum at 10% CO2. Cells were plated in triplicate for each experimental 
condition and incubated with AMP-DNM (10μM) for 2 hours before the addition 
of chenodeoxycholic acid (CDCA) (50μM) or FGF19 (100nM) (R&D Systems, 
Abingdon, UK). After 6 hours of incubation, RNA was isolated for gene expression 
analysis as described below. The response to FGF19 at the protein level was studied 
in serum-deprived HepG2 cells. Complete culture medium was removed; cells were 
washed three times with PBS and incubated in DMEM/HAMF-12 containing 1% 
bovine serum albumin (BSA) for 24 hours. Subsequently, cells were treated with or 
without AMP-DNM (10μM) for 2 hours before adding FGF19 directly to the culture 
medium. Following FGF19 stimulation (10 minutes with 100 nM), cells were washed 
with ice-cold PBS and lysed in RIPA with protease inhibitors (Complete, Roche 
Molecular Biochemicals, Almere, The Netherlands). Cell lysates were clarifi ed by 
centrifugation (16,000g for 10 minutes) and supernatants were collected and stored 
at -20°C. 
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Determination of Messenger RNA Levels
Total RNA was isolated from approximately 30 mg of liver tissue or from HepG2 
cells plated in six-well format, using Trizol reagent according to the manufacturer’s 
protocol (Invitrogen, Breda, The Netherlands). Purifi ed RNA was treated with RQ1 
ribonuclease-free deoxyribonuclease (1 unit/2 μg of total RNA, Promega, Leiden, 
The Netherlands) and reverse transcribed with SuperScript II Reverse Transcriptase 
and random hexamers (Invitrogen, Breda, The Netherlands) according to the pro-
tocols supplied by the manufacturer. Gene expression analysis was performed on 
a Bio-Rad MyiQ single-color real-time polymerase chain reaction (PCR) detection 
system by using the Bio-Rad iQ SYBR Green Supermix (Bio-Rad Laboratories Inc., 
Hercules, CA). PCR primers were designed on the basis of Primer Express 1.7 
software with the manufacturer’s default settings (Applied Biosystems, Nieuwerkerk 
a/d IJssel, The Netherlands) and validated for identical effi ciencies using hypoxan-
thine-guanine phosphoribosyl transferase (HPRT), cyclophilin, and acidic ribosomal 
phosphoprotein P0 (36B4) as standard housekeeping genes. 

Western Blot
Equal amounts of protein (20μg) were subjected to electrophoresis on 10% SDS-
polyacrylamide gels and then transferred to polyvinylidene fl uoride membranes 
(Millipore) using an electroblotting apparatus (Bio-Rad Laboratories, Hercules, CA). 
The blots were blocked in Starting Block buffer (Pierce, Rockford, IL) and incubated 
with indicated antibodies diluted in block buffer containing 0.01% (vol/vol) Tween-
20, overnight at 4°C. Blots were washed for 30 minutes in Tris-buffered saline (10 
mM Tris-HCl [pH 8.0], 150 mM NaCl) containing 0.01% (vol/vol) Tween-20. After 
washing, the membranes were incubated with secondary antibody (anti-rabbit immu-
noglobulinGperoxidase conjugate; Dako) diluted 1:3000 in block buffer containing 
0.01% Tween- 20, for 1 hour at room temperature. Proteins were detected with 
the enhanced chemiluminescence system (GE Healthcare, Diegem, Belgium) and 
x-ray fi lm. The densitometric analysis of bands was performed with Image Quant 
software. To confi rm equal protein loading and blotting, total protein on the blots 
was detected with a MemCode reversible protein stain kit (Pierce, Rockford, IL). 

Statistical Analysis 
A minimum of fi ve animals per group was used. Statistical signifi cance of differences 
was evaluated by the Student t-test and signifi cance was set at P <0.05.  
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Results

AMP-DNM Lowers Plasma TGs and Cholesterol
To investigate the effect of AMP-DNM on lipid ho- meostasis in detail, C57BL/6J 
mice were fed for 5 weeks with either control AM-II chow or AM-II chow supple-
mented with 25 or 100 mg/kg bw/day AMP-DNM. The compound was well toler-
ated but a slight decrease in food intake was observed in the mice treated with 100 
mg/kg bw/day AMP-DNM during the fi rst 2 weeks, resulting in a ~10% decreased 
body weight gain. This was restored in the last 3 weeks of the treatment period, 
and consequently food intake and body weight gain no longer differed between the 
treatment groups (Fig. 1A). There was amodest but signifi cant decrease in blood 
glucose levels, not resulting in hypoglycemia (Fig. 1B). 

Interestingly, AMP-DNM also robustly lowered plasma cholesterol, TG, phospholipids, 
and FFA levels (Fig. 1C). In the liver, the expression of the scavenger receptor class B 
type 1 was upregulated, together with genes involved in cholesterol synthesis (Table 
1), and cholesterol content increased slightly. The expression of lipogenic genes was 
not increased, and TG levels were strongly decreased in a dose-dependent manner. 
There was a decrease in liver GSLs of 4.8% and 27.9% in mice treated with 25 and 
100 mg/kg bw AMP-DNM, respectively. There was no effect on liver phospholipids 
or total liver weight (Fig. 1D). 

AMP-DNM Increases Biliary Lipid Secretion
We measured biliary lipid secretion in mice treated with 0, 25, or 100 mg/kg bw/day 
AMP-DNM. Under control conditions, the bile fl ow was 10.4 ± 1 μL/minute/100 g 
bw. Interestingly, both the 25 and 100 mg/kg bw AMP-DNM diets robustly increased 
bile fl ow to 22.3 ± 14.2 and 24.8 ± 14 μL/minute/100 g bw, respectively (Fig. 2). The 
increase in bile fl ow was driven by an increase in bile salt secretion (487.6±30.7 in 
control and 1109.1± 703.0 and 1112.8 ± 562.3 nmol/minute/100 g bw in 25 and 100 
mg groups) and was accompanied by a similar increase in secretion of cholesterol 
(5.4 ± 1.3 in control and 10.5±4.4 and 17.6±5.1 nmol/minute/100 g bw in the groups 
treated with 25 and 100 mg) and phospholipid (74.1 ± 5.1 in control and 130.0 ± 
61.3 and 129.4 ± 44.6 nmol/minute/100 g bw in the groups treated with 25 and 100 
mg) (Fig. 2). Bile is formed by the concerted action of the bile salt export pump 
(Bsep; Abcb11), the phospholipid “fl oppase” (multidrug resistance protein 2 [Mdr2]; 
Abcb4) and the cholesterol “fl oppase” heterodimer Abcg5/Abcg8. To investigate 
the possibility that AMP-DNM affected the amount of these export pumps in the 
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canalicular membrane, we measured the expression levels in liver from control and 
AMP-DNM treated mice. AMP-DNM slightly increased the expression of the Bsep 
and Abcb4, but the expression level of Abcg5/Abcg8 was unaffected (Table 1). 

Fig. 1. AMP-DNM lowers plasma TGs and cholesterol. C57BL/6J mice (n=6 per treatment group) were treated 
with 0, 25, or 100 mg/kg bw AMP-DNM mixed in the diet. (A) The mice were weighed twice a week and depicted 
values represent the individual relative body weight gain compared to the weight after 2 weeks of treatment. (B) 
After 5 weeks of diet, blood glucose levels were determined with a handheld glucometer. Values represent mean 
(n=6) ± standard error of the mean (SEM). (C) After 5 weeks of diet, a large blood sample was collected by cardiac 
puncture and plasma was used to measure levels of TGs, FFAs, phospholipids, and cholesterol for each mouse. Values 
represent mean of each group (n=6) ± SEM. (D) After 5 weeks of diet, the liver was isolated and levels of TGs, 
cholesterol, phospholipids, and total weight were determined for each mouse. Values represent mean of each group 
(n=6) ±SEM. Asterisk represents a signifi cant difference in lipid parameters between treatment groups and control 
group. P 0.05 (*) or P  0.01 (**). TG, triglyceride; FFA, free fatty acid.



136

Fig. 2. AMP-DNM increases biliary lipid 
secretion. C57BL/6J mice (n=6 per treatment 
group) were treated with 0, 25, or 100 mg/kg 
bwAMP-DNM mixed in the diet. The bile fl ow 
was diverted by cannulation of the gallbladder 
and bile was collected for 15 minutes. Bile 
fl ow was determined gravimetrically assuming 
a density of 1 g/mL for bile. Values represent 
mean of each group (n=6)±SEM. Asterisk (*) 
represents a signifi cant difference between 
treatment group and control group.

Table 1. Effect of AMP-DNM on expression of key genes in cholesterol homeostasis in liver and 
intestine.

Liver Intestine

Gene relative expression Gene relative expression

CYP7A1 2.22* Asbt 0.96

CYP8B1 0.67 Osta 1.36*

ABCB11 1.54* Ostβ 2.46*

ABCB4 1.35* ABCG5 0.89

ABCG5 1.14 ABCG8 0.90

ABCG8 1.06 FXR 0.97

SHP 0.98 SHP 1.08

FXR 0.96 IBABP 1.01

RXR 0.97 FGF15 1.00

LRH-1 (NR5A2) 0.87

FGFR4 1.01

SREBP2 1.49*

HMGCR 2.00*

HGMGS 2.35*

SR-B1 1.65*

SREBF1 -1.07

FASN 1.22

SCD1 1.05

Acly 1.01
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AMP-DNM Alters Kinetics of Bile Secretion
To investigate the effect of AMP-DNM on the in vivo activity of the biliary transport 
systems, we performed forced infusion experiments with the hydrophilic bile salt 
TUDC. Prior to the start of the infusion phase, the endogenous bile salt pool was 
depleted by collecting bile during 90 minutes. The initial bile fl ow started at an 
elevated level in the AMP-DNM–treated animals (Fig. 3A) (14.1 ± 2.9 versus 11.8 
± 0.24 μL/minute/100 g bw), but decreased rapidly during the depletion phase. 
The initial secretion of biliary bile salt, cholesterol, and phospholipid were likewise 
increased in AMP-DNM treated animals (Fig. 3B,C,D). Maximal bile salt secretion 
was unchanged during the forced infusion experiments in control and AMP-DNM–
treated mice indicating that the Vmax (maximum velocity) of Bsep was unaffected by 
AMP-DNM treatment (Fig. 3B). 
Nevertheless, maximal bile fl ow, cholesterol, and phospholipid secretion were 
decreased after AMP-DNM treatment (Fig. 3A,C,D). Plotting bile salt secretion 
versus the bile fl ow indeed shows a decrease in the bile independent fl ow (Fig. 
3E). Quantifi cation of the area under the bile salt secretion curve (AUC) during 
the depletion phase generates a semiquantitative measure of the bile salt pool. This 
pool was increased in AMP-DNM–treated mice (AUC in control 18718;  AUC in 
100 mg AMP-DNM 31304 [Fig. 3B]). We therefore hypothesized that expression of 
the key enzyme in bile salt synthesis cytochrome P450 7A1 (Cyp7A1) might have 
changed. Indeed, as is shown in Table 1, messenger RNA expression of this enzyme 
did increase considerably. 

The Mechanism by which AMP-DNM Affects Cyp7A1 Expression
Regulation of Cyp7A1 expression in the liver is an extremely complex interplay of 
many transcription factors.26 We analyzed the expression levels of various transcrip-
tion factors involved in the regulation of transcription and found no effect of AMP-
DNM treatment (Table 1, liver). In search for a mechanism for the observed Cyp7A1 
induction, we focused on the farnesoid X receptor (FXR)/small heterodimer partner 
(SHP) signaling pathway. We investigated whether AMP-DNM interfered with this 
feedback inhibition in the human HepG2 hepatoma cell line. Addition of 50 μM 
CDCA, an activator of the FXR/SHP cascade, strongly inhibited Cyp7A1 expression, 
but AMP-DNM had no effect on this inhibition (Fig. 4A). 
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Fig. 3. AMP-DNM increases bile secretion. C57BL/6J mice (n=4 per treatment group) were treated with 0, 25, or 
100 mg/kg bw AMPDNM mixed in the diet. Bile fl ow was diverted by cannulation, via the gallbladder. For 90 minutes, 
bile was collected in various fractions as indicated in the fi gures. After 90 minutes, the infusion started with PBS 
containing stepwise increasing concentrations of TUDC. Samples were collected as indicated in the fi gure and the 
(A) bile fl ow, (B) bile salt, (C) cholesterol, and (D) phospholipid content was measured. Total bile fl ow was calculated 
assuming a densitiy of 1 g/mL. (E) Bile salt–independent fl ow is made visible by plotting bile salt secretion versus bile 
fl ow. Values represent mean of ach treatment group ± SEM.

Next, we investigated whether the compound may interfere with the newly dis-
covered FGF19-mediated down-regulation of Cyp7A1. FGF19 represses Cyp7A1 
in HepG2 cells by 80%. Interestingly, treatment with AMP-DNM interfered partly 
but not completely with this effect (Fig. 4A). FGF19 binds to the FGF receptor 4, 
causing phosphorylation of the FGF receptor substrate alpha (FRS2α) protein and 
subsequently activation of the extracellular signal-related kinase (ERK) pathway. 
To investigate the site at which the compound affected FGF signaling, we looked 
at the activation of these targets. AMP-DNM prevented phosphorylation of both 
FRS2α and ERK induced by FGF19, indicating very early interaction in the pathway 
(Fig. 4B). We confi rmed that ERK activation was likewise diminished in vivo in mice 
treated with AMP-DNM (Fig. 4C).
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Fig. 4. The mechanism by which AMP-DNM 
affects Cyp7A1 expression. (A) HepG2 cells 
were treated with or without AMP-DNM (10 
M) for 2 hours before adding FGF19 (100 nM) 
or CDCA (50 M) directly to theculture medium. 
After an incubation of 6 hours, RNA was 
isolated and expression of Cyp7A1 determined 
and normalized to the expression level of 
housekeeping genes. Values represent means 
of triplicate experiments ± standard deviation. 
Asterisk (*) indicates a signifi cant difference with 
the expression level of untreated cells. Character 
(#) indicates a signifi cant difference between 
AMP-DNM/FGF19-treated and FGF19-treated 
cells. (B) HepG2 cells were serum deprived 
and incubated with or without AMP-DNM in 
increasing concentrations for 2 hours before 
addition of FGF19 in increasing concentrations 
as indicated in the fi gure. After 10 minutes of 
incubation, cells were harvested and samples 
containing equal amounts of protein were 
analyzed for the presence of pFRS2  and pERK. 
The amount of eIF4E protein in the samples is 
used as control for equal protein loading. (C) 
Livers from control mice or mice treated with 
AMP-DNM for 5 weeks were isolated and lysed 
as described in the Materials and Methods 
section. Samples containing equal amounts of 
protein were analyzed for the presence of pERK.

AMP-DNM Increased Fecal Neutral Sterol Output 
Because plasma cholesterol levels decreased and biliary secretion of cholesterol 
increased to a considerable extent, we investigated whether this translated to 
increased fecal excretion. Feces were collected on two consecutive days, just before 
bile collection and sacrifi ce of the mice. Indeed, we found that neutral sterol excre-
tion was strongly increased in AMP-DNM–treated mice, demonstrating enhanced 
RCT (Fig. 5). The excretion of bile salt was unchanged, signifying that the capacity 
of the enterohepatic uptake and recycling system of bile salt was suffi cient to cope 
with the increased bile production in AMP-DNM–treated animals. Considering our 
observation that intestinal bile absorption was increased, we determined expression 
levels of the various genes involved in this process. The expression of the sodium-
dependent bile acid transporter, which is responsible for the uptake of bile from 
the intestine, was unaltered. The expression of the enterocyte bile salt exporter 
organic solute transporter a/β, however, was increased (Table 1, intestine), allowing 
for enhanced bile salt fl ow from the intestine to the blood compartment. 
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Discussion

Recently, we and others have shown that inhibition of GSL synthesis has a benefi cial 
effect on hepatic and peripheral insulin sensitivity in various rodent models of type 2 dia-
betes.4,5 In this study, we demonstrate that in addition to the favorable effects on glucose 
homeo-stasis, lipid homeostasis is also affected by modulation of GSL metabolism.We 
observed a striking fall in plasma cholesterol and triglycerides, an increase in biliary lipid 
secretion, with an associated increase in neutral sterol excretion. The role of GSL 
in biliary physiology has, to our knowledge, not yet been studied. Pharmacological 
lowering of GSL increases the cholesterol effl ux from macrophages,16 the fi rst step 
in the RCT pathway. In this study, we show that reduction of GSL biosynthesis 
enhances both the next and the fi nal step in the RCT pathway in mice, the bile salt 
secretion and cholesterol excretion, respectively. 
We hypothesized that treatment with AMP-DNM could modify bile secretion by 
manipulating GSL composition of the canalicular membrane. We indeed observed 
a twofold increase in biliary lipid secretion with an associated increase in neutral 
sterol excretion in mice treated with AMP-DNM. However, this phenomenon was 
not caused by altered kinetics of the export pumps and fl oppases involved in bile 
secretion. On the contrary, the apparent Vmax of both cholesterol and phospholip-
ids secretion into bile decreased, suggesting that the altered GSL content of the 
canalicular membrane diminished maximal activity of both Abcb4 and the Abcg5/

Fig. 5. AMP-DNM increased fecal neutral sterol 
output. C57BL/6J mice (n =6 per treatment group) 
were treated with 0, 25, or 100 mg/kg bw AMP-DNM 
mixed in the diet. After 5 weeks of treatment, 1-day 
fecal samples from each treatment group were 
collected, weighed, lyophilized, grinded, and prepared 
for gas chromatography. Total amount of feces was 
not different between the treatment groups. Values in 
the graph represent amount of sterol per milligram 
of feces.
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Abcg8 heterodimer. The Vmax of BSEP was not changed, and the expression was even 
slightly up-regulated. Because bile salts are the major driving force in bile formation, 
increased bile salt secretion alone could explain the enhanced secretion of both 
phospholipids and cholesterol. Indeed, the endogenous bile salt/cholesterol and bile 
salt/ phospholipid ratio did not change signifi cantly after AMP-DNM treatment. In 
accordance with this, we also found an increased bile salt pool size which may 
underlie part of the observed increase in bile fl ow. Expression of the key enzyme 
in bile salt synthesis Cyp7A1 was increased, yet the total bile salt production, as 
indicated by fecal bile salt excretion, was unchanged. The increase in synthesis did 
not alter the ratio of the individual bile salt molecular species in bile or feces (data 
not shown). 
The effect of AMP-DNM on Cyp7a1 expression was further elucidated by in vitro 
experiments. These showed that AMP-DNM did not interfere with bile salt–medi-
ated down-regulation of Cyp7A1 expression, but affected the recently discovered 
FGF15/19-mediated pathway.26 The compound clearly decreased phosphorylation of 
FRS2α and ERK induced by FGF19, of which FRS2α is a very early step in the FGF-
mediated signal transduction pathway. The signaling capacity of basic FGF was not 
disturbed, indicating that the compound did not block the FGF binding site (data not 
shown). We found no change in expression of the FGFR4 in vivo and hypothesize 
that changes in the membrane domain where the FGFR4 resides underlie the effect 
of AMP-DNM on FGF19 signaling. 
Only recently the complex interplay between the FGF19 subfamily of FGFs, their 
FGFRs, and the feedback regulatory effect on gene transcription is starting to fall 
into place. It is now clear for FGF19 that bile salts activate FXR in the intestine 
and that this in turn activates the transcription of FGF19.26,27 FGF19 signals in an 
endocrine fashion via binding to the FGFR4 in the liver to negatively regulate bile 
salt synthesis. Interestingly, a number of the effects on bile salt synthesis induced 
by AMP-DNM resemble those observed in several mouse models that are used to 
study the bile salt synthesis regulation. For example, the FGFR4 knockout mice have 
an elevated bile salt pool and increased expression of Cyp7A1.28 However, these 
knockout mice also display multiple elements of the metabolic syndrome such as 
hyperlipidemia and insulin resistance,29 which is contrary to the results we found 
with AMP-DNM. A possible explanation could be sought in the difference in bile salt 
excretion between these two models. While excessive bile salts are excreted in the 
FGFR4 knockout mice, the AMP-DNM– treated mice seem to reabsorb their bile 
salts because we did not see an increase in bile salt excretion. We cannot rule out 
that the increased bile pool size itself affects the homeostasis of lipids. It is known 
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that bile salts affect TG homeostasis although the mode of action is still elusive. The 
treatment of cholesterol gallstone patients with CDCA reduces hypertriglyceri-
demia,30 whereas bile salt– binding resins induce the production of very low density 
lipoproteins.31 
The fi nal step in removal of cholesterol from the body is neutral sterol excretion. 
We observed a twofold increase in excretion in mice treated with both doses of 
AMP-DNM. There was no change in the percentage of cholesterol metabolites in 
the feces, indicating that the compound did not infl uence fecal cholesterol metabo-
lism. The question arises where this extra fecal cholesterol originated. Our data 
indicate that AMP-DNM primarily affects the hepatobiliary route. The increase in 
fecal neutral sterol excretion was 12.7 μmol/day/100g bw in mice treated with 100 
mg/kg/day AMP-DNM. The induction of biliary cholesterol secretion under these 
conditions was 17μmol/day/100 g bw. Because part of the biliary cholesterol is reab-
sorbed, the increase observed may be suffi cient to explain the enhanced fecal sterol 
excretion. Apparently, the alternative pathway of direct transintestinal cholesterol 
excretion32 is not signifi cantly infl uenced by AMP-DNM. In conclusion, AMP-DNM 
could act as a double-edged sword in treatment of the metabolic syndrome by 
improving both defects in carbohydrate metabolism as well as lipid handling. The 
stimulation of several regulatory steps in RCT holds promise for use of the drug in 
prevention of cardiovascular disease. 

Acknowledgment: We thank Tineke Voorn and Judith Houben-Weerts for techni-
cal assistance and Arno van Cruchten for measuring bile salt molecular species.  
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Abstract
Bile acids are synthesized from cholesterol and have long been thought to be just 
a degradation product with an additional function in food digestion. During the 
past decade many new functions of bile acids emerged and, instead of functioning 
at the interphase of the outside world and the body, bile acids turned out to be 
extremely important signal transduction molecules which play an important role in 
balancing fl ux through diverse metabolic pathways. In this chapter we focus on the 
function of bile acids in regulation of cholesterol homeostasis at both the cellular 
and organismal level.
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1 Introduction 

The word cholesterol has a negative connotation due to its association with cardio-
vascular disease. However, cholesterol in itself is a molecule of undisputed biological 
importance and has a variety of functions in higher eukaryotes. Cholesterol is fi rst 
of all an essential structural component of cell membranes. Owing to its bipolar 
structure, it is located inside the lipid bilayer, generates a semi-permeable barrier 
between cellular compartments and regulates membrane fl uidity. As a component 
of HDL and LDL, it travels through the blood as part of a system that regulates the 
distribution of cholesterol in various tissues. Cholesterol is also a precursor for 
steroid hormones and, although this process is quantitatively not very important, 
it has a major physiological impact. The six different steroid hormones in humans 
function as lipophylic signalling molecules during metabolism, growth and reproduc-
tion. The human body is capable of producing the daily need of cholesterol and 
therefore does not need cholesterol from food as an additional source. However, 
it does take up cholesterol from food highly effi ciently and, when the food supply 
of cholesterol is high, the excess cholesterol can be stored for short-term buffer-
ing as cholesterol esters in the liver. Cholesterol in itself cannot be degraded but 
high levels of cholesterol provide a negative feedback signal that stops de novo 
synthesis, preventing cholesterol overload (Engelking et al. 2005). The biosynthesis 
of bile represents the prime pathway of cholesterol catabolism. Approximately 90% 
of the cholesterol that is taken up by food or that is produced de novo is eventually 
converted into bile acids. In this manner superfl uous cholesterol can be eliminated 
from the body. Cholesterol can also be directly excreted via a pathway involving 
direct transintestinal excretion (Kruit et al. 2005; van der Velde et al. 2007) although 
the contribution of this pathway differs strongly between different species. 
Under normal conditions, depending on the species, about 50% of cholesterol is 
absorbed (Bhattacharyya and Eggen 1980; Crouse and Grundy 1978; Wang et al. 
2001). Bile acids play a role in cholesterol absorption by emulsifying lipids and allow-
ing them to travel from the aqueous luminal milieu to the brush border membrane 
of enterocytes. Here, cholesterol is taken up by specifi c receptors as discussed in 
this chapter. There appears to be a relationship between circulating levels of bile 
acids and cholesterol (Bays and Goldberg 2007) . This association is now the subject 
of extensive research and it is clear that bile acids do not only serve as physiological 
detergents in the intestine. By acting as a nuclear hormone receptor activator, they 
regulate the expression of important genes in homeostasis of lipid, glucose and cho-
lesterol as well as their own synthesis (Scotti et al. 2007; Thomas et al. 2008; Zimber 
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and Gespach 2008) . Furthermore, bile acids have been described to regulate energy 
homeostasis at least in mice (Houten et al. 2006). A vision emerges of a complex 
interplay between bile acids and cholesterol, whereby bile acids control cholesterol 
homeostasis by regulation of synthesis, catabolism and uptake, and where the supply 
of cholesterol is needed for de novo bile acid synthesis. This interplay involves both 
physical interactions and control at the level of gene transcription. In this chapter 
we discuss the homeostasis of bile acids and cholesterol, how these two are related 
and how they infl uence each other.

2 Bile Acid Synthesis 

Bile is formed by the liver and consists of bile acids, cholesterol, phospholipids and 
waste products. After synthesis, bile acids are transported across the canalicular 
membrane into bile canaliculi and, in species such as mice and humans, are stored in 
the gallbladder (Hofmann 1990; Hofmann and Hagey 2008) . When food is ingested 
they stream into the small intestine, where they help with the digestion. At the end 
of the ileum, they are re-absorbed by active transport and returned to the liver. 
This enterohepatic cycling of bile acids is highly effi cient and can take place two to 
three times during a meal. However, about 5% escapes re-absorption in the intestine 
and is lost in the faeces (Hofmann 1990; Hofmann and Hagey 2008) . This loss is 
compensated for by neosynthesis from cholesterol in the liver. The biosynthesis 
involves a variety of enzymes in the endoplasmic reticulum, mitochondria, cytosol 
and peroxisomes. During the process of bile acid synthesis, the conformation of the 
cholesterol molecule changes from trans to cis. As a consequence, all hydrophilic 
groups move to one side of the molecule, making it strongly amphiphatic and pro-
viding it with the ability to form micelles (for reviews, see Hofmann 1999; Hofmann 
and Hagey 2008). 
The most abundant human bile acids are the primary bile acids cholic acid (CA) 
and chenodeoxycholic acid (CDCA). After synthesis the amino acids glycine or 
taurine can be added to carbon 24 via an amide bond; and formally we should than 
speak in terms of bile salts. This fi nal conjugation takes place before secretion into 
bile and provides the bile with stronger detergent properties to facilitate lipid and 
vitamin absorption in the intestine. Mice have a different bile acid pool with mostly 
muricholic acid conjugated to taurine. These bile acids can then be modifi ed by the 
intestinal fl ora, giving rise to secondary bile acids, lithocholic acid and deoxycholic 
acid. These secondary bile acids are highly toxic, especially lithocholic acid (Hofmann 
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and Hagey 2008; Russell 2003).
According to the current concept, two different routes exist for bile acid synthesis: 
the “classic or neutral” pathway and the “alternative or acidic” pathway. The classic 
route is also called the neutral route because the intermediates in this pathway are 
neutral up to the last steps of the synthesis route. This pathway consists of various 
steps in which fi rst the sterol nucleus is hydroxylated by the microsomal enzyme 
cholesterol 7a-hydroxylase (CYP7A1). This is also the step that is highly regulated, as 
discussed in the next paragraph. Other modifi cations of the sterol nucleus include 
saturation of the double bond, epimerization of the 3 b -hydroxyl group and hydrox-
ylations. This is followed by shortening of the side-chain to 3 C-atoms and, fi nally, 
carboxylation of the last C-atom of the side-chain (for an extensive description of 
BA biosynthesis, see the reviews by Chiang 2004; Russell 2003) . The alternative 
pathway starts with side-chain modifi cation by the enzyme sterol 27 hydroxylase 
(CYP27A1). In subsequent steps in the pathway the steroid ring structure of the 
formed oxysterols are modifi ed by 7 a-hydroxylation. This step is not catalysed by 
CYP7A1, but by CYP7B1. The enzyme CYP7B1 is structurally similar to CYP7A1, 
but has different and broader substrate specifi city (Norlin and Wikvall 2007). The 
relative contribution of these pathways to total bile acid synthesis varies between 
species and with various physiological and pathological conditions. The neutral 
pathway is considered quantitatively the most important because its contribution 
to total bile salt synthesis is ~90% in humans and ~75% in mice (Chiang 2004; Russell 
2003). Both CA and CDCA are formed by this pathway in roughly equal amounts 
in humans.

2.1 Regulation of Synthesis by Nuclear Receptors 
Maintaining a balance between bile acid synthesis, secretion and intestinal re-absorp-
tion is vital since every aspect of their homeostasis is linked to various important 
physiological processes. Under normal conditions, accumulation of bile acids in 
hepatocytes is avoided through a tight control of uptake, synthesis and secretion; 
and this control is organized by a series of feedback and feed-forward autoregula-
tory processes. These mechanisms involve the participation of a series of nuclear 
receptors which function as ligand inducible transcription factors.

2.2 Oxysterol Feed-Forward Regulation of Bile Synthesis 
In mammals, cholesterol homeostasis is maintained by the control of uptake, de 
novo synthesis, storage as cholesterol esters and catabolism. When the cholesterol 
supply from food is high, a feed-forward pathway is activated that leads to the cata-
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bolic elimination of cholesterol as bile acids. The rate of bile acid synthesis parallels 
the activity of CYP7A1, which is the probably the main rate-controlling enzyme of 
the bile acid biosynthetic pathway (Russell 2003). Activation of CYP7A1 expression 
is mediated by LXR a nuclear receptor that binds oxysterols formed during the 
de novo synthesis of cholesterol (Chen et al. 2007). LXR belongs to the family of 
nuclear receptors; it is expressed in liver, spleen, adipose tissue, lung and pituitary 
and requires heterodimerization with RXR to become functionally active (Goodwin 
et al. 2008). The generation of LXR knockout mice provided insight in the action of 
LXR. LXR knockout mice accumulate large amounts of cholesterol in the liver on 
a cholesterol-rich diet, but cannot respond to this with up-regulation of CYP7A1 
(Peet et al. 1998a, b). Furthermore, these mice have changes in various genes such as 
SREBP1 and 2, HMGCR, HMGCS and SCD, suggesting a wide range of functions for 
this nuclear receptor (Peet et al. 1998b; Quinet et al. 2006). LXR is highly conserved 
between humans and rodents. However, LXR has much less effect on hamster and 
human CYP7A1, which lack a LXR binding motif. It therefore seems that rat and 
mouse are unique in the ability to convert excess cholesterol to bile acids by activa-
tion of LXR and subsequent stimulation of CYP7A1 (Peet et al. 1998a).

2.3 Bile Acid Feedback Regulation of Bile Synthesis
Initial studies showed that interruption of the enterohepatic circulation of bile acids 
by biliary diversion or treatment with bile acid binding resins increases the rate of 
bile acid synthesis and the activity of CYP7A1 by about 3- to 4-fold (Dueland et al. 
1991; Gustafsson 1978). Conversely, expansion of the bile acid pool by intraduode-
nal infusion of bile acids suppresses CYP7A1 expression and reduces the rate of bile 

Box 1
FXR is called the bile acid sensor and plays a major role in regulation of bile acid 
homeostasis. After binding to DNA as a heterodimer with the retinoid X recep-
tor, FXR controls the synthesis, conjugation, secretion, detoxifi cation, excretion 
and uptake of bile acids. In the liver, FXR controls bile acid biosynthesis (CYP7A1; 
sterol 12a-hydroxylase, CYP8B1), simusoidal uptake (NTCP), and canalicular 
secretion (BSEP). In the intestine, FXR controls almost all genes involved in bile 
acid detoxifi cation. In the enterocyte, FXR controls bile acid absorption (ASBT), 
intracellular traffi cking (IBABP) and basolateral effl ux (OSTa, OSTb). The develop-
ment of specifi c FXR agonists (GW4064, fexaramine, AGN34, 6a-ethyl-chenode-
oxycholicacid) and the generation of FXR –/– mice have provided powerful tools 
to study the pathways that are in part controlled by FXR (Hubbert et al. 2007).
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acid synthesis (Nagano et al. 2004) . No direct bile acid binding site was detected in 
the promoter of CYP7A1 and the mechanism behind the feedback regulation was 
unknown for a long time. This changed in 1999, when it was discovered that bile 
acids are the endogenous ligands for FXR (NR1H4; Makishima et al. 1999). 
It was known by that time that oxysterols positively induce bile synthesis via LXR 
and it was postulated that the feedback mechanism also involves the activation 
of a nuclear receptor. The nuclear receptor FXR was a candidate because: (i) it is 
specifi cally expressed in tissues where bile acids function (such as the liver, intes-
tine, kidney), (ii) it is evolutionarily related to LXR and (iii) it also functions as a 
heterodimer with the retinoid X receptor (RXR). FXR belongs to a family of tran-
scription factors [the nuclear receptor (NR) superfamily] that is involved in diverse 
physiological functions such as reproduction, development and metabolism (Kuipers 
et al. 2007; Rader 2007). Various studies have now shown that FXR regulates a 
network of genes involved in synthesis, metabolism and transport of bile acids. 

The suppression of CYP7A1 promoter activity through the activated FXR-RXR 
complex is mediated by an indirect mechanism involving interaction with other 
transcription proteins. Binding of bile acids to the FXR-RXR complex induces the 
transcription of SHP (small heterodimer partner). SHP is a receptor that binds to 
and inhibits a third receptor, the liver receptor homologue 1 (LRH-1 or NR5A2). 
LRH-1 is an orphan receptor that positively regulates CYP7A1 by binding to BARE-
II in the CYP7A1 promoter (del Castillo-Olivares and Gil 2000; Lee and Moore 
2002). The interaction between SHP and LRH-1 blocks the transcriptional activity 
of LRH-1; and CYP7A1 expression is stopped leading to a drastic decrease in bile 
acid output (Goodwin et al. 2008). Studies in FXR knockout mice show that indeed 
these mice no longer react to bile acids by down-regulation of CYP7A1 (Kuipers et 
al. 2007; Lambert et al. 2003).

Bile acids also regulate the expression of other genes via FXR. Cyp8b1, the enzyme 
that controls the ratio in which the primary bile acid species cholate and chenode-
oxycholate are formed, seems to be under the same negative feedback control as 
CYP7A1 (Sinal et al. 2000; not reproduced by Kok et al. 2003; Box 1). 

2.4 FGF-Regulated Feedback of Bile Synthesis 
Although most studies initially focused at the liver to unravel the mechanism 
underlying regulation of bile acid synthesis, it was clear that this could not be the 
only organ involved and another pathway must exist. This idea originated from the 
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observation that, in rodents, blocking the fl ow of bile acids into the intestine by bile 
duct ligation increased the expression of CYP7A1 and activity in the liver (Dueland 
et al. 1991; Gustafsson 1978). Hepatic concentrations of bile acids increase under 
these conditions but the expected down-regulation of CYP7A1 does not occur. 
Furthermore, studies in rat showed that the intraduodenal administration of tau-
rocholic acid inhibited CYP7A1 expression in the liver, whereas direct intravenous 
or portal administration did not (Nagano et al. 2004; Pandak et al. 1991). It was 
therefore suggested as early as 1991 that the intestine must be involved by secret-
ing a factor in response to bile acids, which either changes bile acid composition 
or in itself signals back to the liver. It is now clear that this factor exists and that 
it is a member of the fi broblast growth factor family, namely FGF19, or the mouse 
orthologue FGF15 (Box 2).

Box 2 
FGFs constitute a large family of growth factors that infl uence a wide variety of 
biological processes, such as angiogenesis, embryogenesis, differentiation (Galzie 
et al. 1997; Goldfarb 1996). FGFs induce their biological effects by binding to 
and activating FGFRs (for a review, see Schlessinger et al. 2000). This occurs by 
dimerization of the trans -membrane receptors upon binding of the FGF, fol-
lowed by autophosphorylation of a number of tyrosine residues and recruitment 
of downstream effectors, such as the FGF receptor substrate protein 2 alpha 
(FRS2a). The FRS2a is a membrane-linked docking protein that contains myristyl 
anchors, phosphotyrosine binding domains (PTB) and multiple tyrosine phospho-
rylation sites at its C-terminus. These are docking sites for Grb2 and Shp2 linking 
the FGFR with the Ras and MAPK cascade (Wiedlocha and Sorensen 2004). 
Within the family of human FGFs, there are seven phylogenetic subfamilies based 
on amino acid sequence identities (Bottcher and Niehrs 2005; Wiedlocha and 
Sorensen 2004). In general, FGFs within the same family tend to share functional 
activity, but this does not hold true for the subfamily consisting of FGF19, FGF21 
and FGF23. The core sequences of these three FGFs are very diverse and so are 
their functions. The mouse orthologue of human FGF19 is FGF15; and although 
they share only 53% total amino acid identity, their role in regulation of bile 
synthesis is very similar.
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Fig. 1 Feedback regulation of bile synthesis is mediated by pathways involving both FGF15 and bile acids. Cholesterol 
in the liver is converted to bile acids through 7a-hydroxylation by the enzyme Cyp7a1 . The produced bile acids 
are secreted via BSEP and stored in the gall bladder. After ingestion of a meal, they fl ow into the duodenum where 
they help with food digestion. In the distal ileum they are reabsorbed via ASBT. In the enterocyte, the bile acids 
activate FXR which leads to induction of the FGF-15 gene. Both bile acids and FGF-15 are secreted to either the 
lymph or blood from where they reach the liver. FGF-15 binds the FGFR4 and this result in suppression of Cyp7a1 
expression through a JNK-dependent signaling cascade. Bile acids are taken up from the portal blood via NTCP. 
Activation of FXR in the liver by bile acids leads to induction of the SHP gene, which can directly suppress the 
Cyp7a1 gene through an interaction with LRH-1.  
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The fi rst evidence that FGF19 was involved came from studies that aimed to fi nd 
FXR target genes. Treatment of human hepatocytes with the FXR agonist GW4064 
strongly up-regulated the mRNA expression of FGF19 (Inagaki et al. 2005). In the 
search for a ligand, FGF19 was reported to bind to the FGFR4 in vitro (Xie et al. 
1999). The expression of this receptor is found mainly in liver, in large hepatocytes 
adjacent to the central vein and in smaller hepatocytes throughout the liver; and it is 
the sole FGFR expressed signifi cantly in mature liver hepatocytes. FGFR4 null mice 
exhibit depleted gallbladders, an elevated bile acid pool, reduced activity of JNK and 
elevated excretion of bile acids, due to elevated levels of Cyp7a1 (Yu et al. 2000). 
Conversely, transgenic mice expressing a constitutively active FGFR4 have increased 
JNK activity, decreased CYP7A1 expression and a reduced bile acid pool size (Yu 
et al. 2005). 

The data from FGFR4 null mice, together with the observation that FGF19 is a target 
gene for FXR and that it specifi cally binds to FGFR4 in vitro, prompted researchers 
to test the ability of FGF19 to down-regulate CYP7A1 expression. Indeed it was 
found to decrease transcription of CYP7A1 in a dose-dependent manner in human 
hepatocytes. However, no expression was found in human or mouse liver (Inagaki et 
al. 2005). The solution came from studies in mice, where it was shown that FGF15 is 
predominantly expressed in the small intestine following administration of GW4064 
or cholic acid. FGF15 mRNA is highly expressed in the ileum and only at low levels 
in other enterohepatic organs. FGFR4 shows the reverse expression pattern, with 
high expression in the liver and with little or no expression in the intestine (Inagaki 
et al. 2005). 

It is now clear that FGF15/19 is predominantly responsible for the feedback inhi-
bition triggered by bile acids in the intestine. In the intestine, bile acids activate 
the nuclear transcription factor FXR, which in turn activates the transcription of 
FGF15/19. This results in the secretion of FGF15/19 to either the lymph or blood 
from where it reaches the liver to provide a feedback signal for bile synthesis (Kim 
et al. 2007; Fig. 1). 

Activation of FGFR4 by FGF in vivo is dependent on the presence of beta-klotho. The 
function of this protein was initially unknown and beta-klotho null mice appeared 
normal upon examination (Ito et al. 2005). However, they had pronounced altera-
tions in bile acid metabolism similar to that observed in FGFR4 null mice or FGF15 
null mice, including increased expression of CYP7A1 and bile excretion in faeces 
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(Ito et al. 2005). Beta-klotho was found to be expressed in liver, pancreas and fat 
(Ito et al. 2000). Beta-klotho is a membrane protein that contains two regions in the 
extracellular domain with homology to those in family 1 glycosidases, which hydro-
lyse glycosidic bonds (Ito et al. 2002). The function of beta-klotho remains elusive, 
although it has been suggested that it regulates the concentration of cofactors for 
FGFR4 (glycosaminoglycans). The reliance on beta-klotho adds another level of 
selectivity to the signalling capacity of FGF15/19.

2.5 Other Pathways 
The nuclear receptor regulation of bile acid synthesis involving FXR, SHP, LXR and 
LRH-1 explains a major part of the regulatory responses in bile acid biosynthe-
sis. However, experiments in SHP knockout mice have indicated the existence of 
SHP independent mechanisms for the suppression of CYP7A1. SHP knockout mice 
increase the synthesis and accumulation of bile acids and produce more cholic 
acid compared to their controls (Wang et al. 2003). These increases are caused as 
expected by a decreased down-regulation of CYP7A1 gene expression (Boulias et 
al. 2005). However, this effect is not as dramatic as in FXR knockout mice, suggesting 
the existence of SHP independent mechanisms for the down-regulation of CYP7A1 
(Watanabe et al. 2004). SHP knockout mice fail to repress CYP7A1 in response 
to the FXR agonist GW4064 as expected (Inagaki et al. 2005; Wang et al. 2003). 
Remarkably, these mice remain responsive to bile acid feeding by down-regulation 
of CYP7A1 (Wang et al. 2003). This pathway may be secondary to liver injury from 
high bile acid levels. Bile acids are known to induce infl ammatory cytokines, TNFα 
and IL-1β, in hepatic macrophages (Kupffer cells; Li et al. 2008). These cytokines may 
cross the sinusoid and inhibit CYP7A1 gene expression in hepatocytes via activation 
of JNK. Bile acids can also signal via JNK by the protein kinase C pathway. This may 
involve phosphorylation and inactivation of transcription factors such as HNF4α, 
which is a crucial factor stimulating the expression of CYP7a1 (Li et al. 2008). In 
addition, the pregnane X receptor (PXR) and the vitamin D receptor (VDR; Jiang et 
al. 2006) may suppress CYP7A1 by SHP-independent mechanisms (Chiang 2004). 
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3 Regulation of the Enterohepatic Circulation 

During their function as emulsifi ers of dietary lipids and fat-soluble vitamins, bile 
acids cycle through several organs that are part of the gastrointestinal tract, inclu-
ding the liver, the bile ducts, the gallbladder and the intestine; and they return to 
the liver via the portal vein. During this journey they have to pass different organs; 
and to do this they need to cross cell membranes various times. The majority of 
bile acids are conjugated to taurine or glycine amino acids and exist in the form of 
membrane impermeable anions. Specialized transporters located in the membranes 
of organs in the enterohepatic cycle allow the proper transport of bile acids (for 
reviews, see Meier and Stieger 2000; Oude Elferink et al. 2006). These transporters 
infl uence bile acid concentrations in different compartments of the intestinal tract 
and it is not surprising that bile acids have a regulatory role in the expression of 
these transporters. The following paragraphs discuss the various bile acid transpor-
ters and how they are regulated.

3.1 Liver
Bile acids returning from the intestine via portal blood are taken up by the hepa-
tocytes, transported through the hepatocyte and re-secreted at the other side to 
continue cycling between the liver and the intestine. The large pool of bile acids that 
are fl uxed in this way through the hepatocytes with a high transport rate provide 
the main force for bile fl ow. This fl ux through the hepatocytes occurs against a steep 
concentration gradient and therefore requires distinct active transport systems 
expressed in a polarized fashion. Large pores (fenestrae) allow bile acids to enter 
the space of Disse. The process of bile acid extraction is effi cient: 75–90% from the 
fi rst pass of portal blood (for reviews, see Meier and Stieger 2000; Oude Elferink 
et al. 2006). Sodium-dependent and sodium-independent transport pathways have 
been identifi ed to play a key role in hepatic uptake of bile acids from sinusoidal 
blood. The sodium-dependent process is represented by the sodium taurocholate 
cotransporter polypeptide (Ntcp, Slc10a1; for a review, see Hagenbuch and Dawson 
2004), the substrate specifi city of which is essentially limited to conjugated bile acids 
and certain sulfated steroids. NTCP accounts for more than 80% of conjugated (i.e., 
taurocholate and glycocholate) but less than 50% of unconjugated (i.e., cholate) bile 
acid uptake. In contrast, the sodium-independent pathway is represented by differ-
ent members of the superfamily of organic aniontransporting polypeptides (OATP/
SLCO; for a review, see Hagenbuch and Meier 2004). In human liver, the highest 
expressions are found for OATP1B1 (SLCO1B1) and its 80% sequence homologue 



157

C
hapter 8

OATP1B3 (SLCO1B3), both of which are predominantly if not exclusively expressed 
in the liver (Stieger et al. 2007).
The expression of NTCP and OATP1B1 (SLC2A1) is repressed by high levels of bile 
acids, as can be observed in cholestasis. Under these conditions, FXR induces SHP; 
and this blocks the stimulating effect of retinoic acid receptor and RXR heterodimer 
on the NTCP promoter (in rats; Denson et al. 2001). Similarly, activation of SHP leads 
to repression of hepatocyte nuclear factor 1, which is the major transcriptional acti-
vator of OATP1B1. In mice this regulatory mechanism is different or at least another 
pathway exists, since the repression in gene expression under high bile acid condi-
tions still takes place in SHP –/– mice. It is of interest to note that cholestasis leads 
to activation of OATP1B3. It is speculated that the up-regulation of this transporter 
might constitute an escape mechanism promoting the hepatocellular clearance of 
xenobiotics during cholestasis. 
After uptake of bile acids at the basolateral membrane, they are transported to the 
canalicular membrane. The movement is still not very well understood and might 
be mediated by vesicle transport or by transport proteins. Evidence for the latter 
comes from studies demonstrating rapid cytosolic diffusion of fl uorescent derivates 
of bile acid before their canalicular secretion (Bahar and Stolz 1999). At the canal-
icular membrane the bile acids are effl uxed against a steep concentration gradient 
into the bile. Whereas the infl ux at the basolateral membrane is primarily driven by a 
net infl ux of Na+, the effl ux ability of the canalicular pump depends on the availability 
of ATP. Canalicular transport is mediated by the bile acid export pump (BSEP or 
ABCB11). BSEP has a broad specifi city for bile acids and pumps conjugated bile acids 
such as taurine- or glycine-conjugated cholate, chenodeoxycholate and deoxycholate 
into bile (Meier and Stieger 2000 ; Stieger et al. 2007) . A minor bile acid export pump 
is the ABC transporter MRP2 which mediates the export of bilirubin conjugates and 
a wide variety of organic substrates, such as glutathione, glucuronide and sulfate-
conjugated drugs. MRP2 also mediates the transport of divalent bile acids such as 
sulfated tauro- and glycolithocholate. MRP2 is the main driving force for bile acid-
independent bile fl ow through canalicular excretion of reduced glutathione (Meier 
and Stieger 2000; Oude Elferink et al. 2006). MDR3 (ABCB4) was shown to function 
as an ATP-dependent phospholipid fl ippase, translocating phosphatidylcholine from 
the inner to the outer leafl et of the canalicular membrane (Oude Elferink et al. 2006). 
Canalicular phospholipids are then solubilized by canalicular bile acids to form mixed 
micelles, thereby protecting cholangiocytes from the detergent properties of bile 
acids. The expression of BSEP, MRP2 and MDR3 is regulated by FXR and leads to an 
increase in bile effl ux when intracellular bile acid levels rise (Kuipers et al. 2007).
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3.2 Intestine 
The apical sodium dependent bile acid transporter (ASBT) is the ileal counterpart 
of the hepatic NTCP. It effi ciently transports conjugated and unconjugated bile acids 
with a preference for the taurine and glycine conjugates over the unconjugated 
form (Dawson and Oelkers 1995). The essential role of ASBT in intestinal bile acid 
absorption is evident from studies in ASBT null mice that show intestinal bile acid 
malabsorption and consequent disturbance of the enterohepatic circulation. Recent 
studies showed that ASBT is under control of 25-hydroxycholesterol and the pres-
ence of this sterol inhibits ASBT activity in human intestinal epithelial cells (Alrefai 
et al. 2005). The negative feedback is mediated by the induction of SHP via FXR 
activation. SHP in its turn represses LRH-1-dependent gene activation. 
After uptake by the enterocyte, bile acids are bound to the intestinal bile acid 
binding protein (IBABP). IBABP is a small soluble protein, expressed exclusively 
in the terminal ileum. I-BABP gene is positively expressed by bile acids via FXR 
activation (Nakahara et al. 2005). The concerted action of FXR activation (positive 
regulation of bile binding and negative regulation of uptake) helps to reduce the 
cytotoxic effects of bile acids in the ileum. 
Although the proteins responsible for uptake and intracellular transport of bile 
acids have been known for many years, the mechanism of transport across the baso-
lateral membrane was unknown until recently. Two proteins have been identifi ed 
that function as a heterodimer to transport bile acids: Ostα and Ostβ (Dawson et al. 
2005). The regulation of expression seems to be under positive control of bile acids 
via activation of FXR (Dawson et al. 2005). The discovery of Ostα/β also further 
supported the central role for FGF15 signalling in control of bile synthesis. Ostα/β 
null mice show increased expression of FGF15 and down-regulation of CYP7A1 in 
the liver (Dawson et al. 2008). This is likely due to an increase in enterocyte bile acid 
concentration. Conversely, mice lacking the bile acid uptake transporter ASBT show 
decreased FGF expression and an increase in bile acid synthesis (Jung et al. 2007).

4 Cholesterol in the Enterohepatic Circulation 

Body cholesterol derives from two sources, i.e., de novo biosynthesis and diet. Since, 
in humans, total body sterol output almost always exceeds dietary intake, continuous 
synthesis is essential. The liver is the predominant organ for cholesterol synthesis but 
the intestine also plays an important role, particularly in rodents (Dietschy and Turley 
2002). Cholesterol is synthesized from two-carbon acetyl-CoA moieties. The rate-
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limiting enzyme in the synthetic pathway is HMG-CoA reductase, a highly regulated 
enzyme that catalyses the conversion of HMG-CoA into mevalonate. Cholesterol 
itself regulates feedback inhibition of HMG-CoA reductase activity, as accumulation 
of (oxy)sterols in the endoplasmic reticulum (ER) membrane triggers HMG-CoA 
reductase to bind to Insig proteins, which leads to ubiquitination and degradation 
of HMG-CoA reductase (Gong et al. 2006). In addition, cholesterol regulates the 
gene expression of HMG-CoA reductase indirectly by blocking the activation of the 
transcription factor, sterol regulatory element-binding protein 2 (SREBP2). Under 
low-cholesterol conditions, SREBP2 in the ER is escorted by the SREBP cleavage 
activating protein (SCAP) to the Golgi. In the Golgi, SREBP2 is cleaved to gener-
ate its transcriptionally active form, which activates transcription of the HMG-CoA 
reductase encoding gene (Brown and Goldstein 1999). Conversely, when sterols 
accumulate in the ER membrane, cholesterol binding to the sterol-sensing domain 
of SCAP causes a conformation change, which induces binding of SCAP to the ER 
anchor protein Insig, preventing the exit of SCAP-SREBP2 complexes to the Golgi 
and thereby preventing activation of SREBP2. This effect is transduced by oxysterols 
which bind to Insigs (Gong et al. 2006; Radhakrishnan et al. 2007), causing Insigs to 
bind to SCAP. Mutational analysis of the six transmembrane helices of Insigs reveals 
that the third and fourth are important when Insigs are binding to oxysterols and 
Scap (Gong et al. 2006). The interaction of oxysterols with Insigs fi nally explains the 
longknown ability of oxysterols to inhibit cholesterol synthesis in animal cells.

4.1 Cholesterol Absorption in the Intestine 
In an aqueous milieu the solubility of unesterifi ed cholesterol is about 1 μM. 
Depending on the amount of cholesterol taken in via food, the concentration in 
the intestinal lumen is at least three orders of magnitude higher. Cholesterol in 
food stuffs is mostly present in an oily phase, whereas cholesterol coming into the 
intestine via the bile is present either as a mixed micelle together with bile acid and 
phospholipids or as a vesicle with phospholipids only (Hernell et al. 1990). Until 
relatively recently, cholesterol was generally assumed to be absorbed via passive 
diffusion. In model systems the sterol can fl ip-fl op rapidly through lipid bilayers, 
so in principle no proteins seemed necessary to assist in cholesterol absorption. 
However, this situation changed drastically with the discovery of the cholesterol 
absorption inhibitor ezetimibe (Rosenblum et al. 1998). Ezetimibe and analogues 
comprise a new class of sterol absorption inhibitors that reduce diet-induced hyper-
cholesterolemia. Using a bioinfomatics approach, the NPC1L1 protein was identifi ed 
as a putative cholesterol transporter in intestinal cells and target for ezetimibe 
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(Altmann et al. 2004). Indeed the NPC1L1 knockout mice show a 69% reduction 
in cholesterol absorption which cannot be further reduced by ezetimibe treatment 
(Altmann et al. 2004). The NPC1L1 protein contains 13 putative transmembrane 
domains: the third to seventh transmembrane helices are thought to constitute 
a sterol sensing domain also present in NPC1, SCAP and HMG-CoA reductase 
(Alrefai et al. 2007; Altmann et al. 2004). Recent studies show that interaction of 
this domain with cholesterol induces a conformational change in the protein; this 
in turn induces endocytosis, taking a cholesterol-rich domain with it into the cell 
(Ge et al. 2008). Thus cholesterol regulates its own absorption in the intestine via 
a feed-forward mechanism. The mechanism does not account for down-regulation 
in the presence of a cholesterol overload. Perhaps an excess of cholesterol in the 
plasma membrane may hamper the formation of endocytotic vesicles. The form in 
which cholesterol is transported to the brush border membrane of the enterocytes 
has not been studied. It has always been assumed that micelization via bile acids is an 
essential step. In principle, with the discovery of the NPC1L1-mediated mechanism, 
uptake via diffusion could be possible. Yet, a number of studies have shown bile acids 
to be essential for cholesterol absorption. Almost no cholesterol is taken up in 
the absence of bile acids (Wang 2007; Wang and Lee 2008). Whether the bile acids 
are just necessary for donating the cholesterol to the membrane or whether they 
accelerate NPC1L1-mediated cholesterol uptake directly has not yet been studied. 
In addition to NPC1L1 several other proteins have been suggested to play a role in 
cholesterol absorption. In in vitro experiments the scavenger receptors SR-B1 and 
CD 36 have been shown to mediate the uptake of unesterifi ed cholesterol (Knopfel 
et al. 2007). Aminopeptidase N has also been suggested to be actively involved in 
cholesterol absorption (Kramer et al. 2000, 2005). Evidence for a substantial contri-
bution of these three proteins to cholesterol uptake in vivo is, however, lacking.

4.2 Intestinal Cholesterol Secretion
In addition to protein mediated uptake also a mechanism for protein mediated 
sterol effl ux has been identifi ed. In 2000 Berge et al. reported that mutations in the 
ABC transporter heterodimer ABCG5/ABCG8 were responsible for the excessive 
accumulation of plant sterols in patients with the disease sitosterolemia (Berge et 
al. 2000). Subsequently, the same group showed these proteins to be present also 
on the canalicular membrane of hepatocytes where they mediate transport of cho-
lesterol and plant sterols into the bile (Yu et al. 2002a). Overexpression of ABCG5/
ABCG8 in transgenic mice leads to an increase in biliary cholesterol secretion and 
a reduced intestinal absorption of dietary cholesterol, providing strong evidence for 
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ABCG5/ABCG8 being involved in hepatocellular secretion and intestinal effl ux of 
cholesterol (Yu et al. 2002b). The identifi cation of these proteins has been a major 
step forward in the elucidation of the mechanism of biliary lipid secretion. Until the 
discovery of ABCG5 and ABCG8, biliary cholesterol secretion was supposed to be 
a largely passive process driven by the transport of bile acids and phospholipids. 
Because of the above-mentioned rapid fl ip-fl op of cholesterol across membranes, 
no transporter was deemed necessary. Small explained this enigma by assuming 
that the heterodimer Abcg5/Abcg8 is a “liftase” instead of a fl oppase (Small 2003). 
Assuming that cholesterol easily fl ops through the membrane, the proteins lift cho-
lesterol out of the plane of the membrane so that it is more accessible, reducing 
the activation energy for uptake in bile acid/phospholipids mixed micelles. Recently 
it was shown that this hypothesis may not hold true. Abcg8 knockout mice showed 
a 50% decrease in the cholesterol content of the canalicular membrane, which 
is more compatible with fl oppase activity of the Abcg5/ g8 heterodimer (Kosters 
et al. 2006). Yet, in vitro experiments with cells overexpressing the proteins also 
demonstrated an absolute requirement for the presence of bile acid micelles, sug-
gesting that Abcg5/g8 donate cholesterol directly to bile acid micelles (Vrins et al. 
2007). Taken together these results demonstrate restricted diffusion of cholesterol 
through the canalicular membrane. This may also explain why a protein such as 
NPC1L1 is required for cholesterol transport into the enterocyte. Restricted diffu-
sion of cholesterol across the brush border membrane necessitates the presence 
of proteins to facilitate cholesterol import into the enterocyte. 
The functional coupling of ABCG5/G8 activity to bile acids not only affects the 
kinetics of biliary cholesterol secretion but also infl uences plant sterol absorption 
in the intestine. It is generally assumed that effl ux of plant sterols is a primary 
function of intestinal ABCG5/G8. In patients with defects in bile acid synthesis one 
might therefore expect to fi nd accumulation of plant sterol in the body. This has 
indeed been observed. Whether intestinal ABCG5 and G8 also play an important 
role in cholesterol secretion is not yet clear. The group of Hobbs constructed mice 
overexpressing human ABCG5/G8 in liver and intestine (Yu et al. 2002b). These 
mice showed strongly increased faecal neutral sterol output. However, when these 
mice were crossbred with Abcb4 knockout mice that have both abrogated biliary 
phospholipid and cholesterol secretion, faecal sterol secretion normalized despite 
the overexpression of intestinal ABCG5/G8, indicating a minor role for the intes-
tinal proteins in cholesterol homeostasis (Langheim et al. 2005). Experiments with 
tissue-specifi c knockout models are required to substantiate these fi ndings.
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4.3 Novel Pathways for Cholesterol Excretion
It is generally accepted that the only important route for cholesterol to leave the 
body is the above-described hepatobiliary excretion followed by intestinal passage 
into the faeces. Probably because the design of this pathway seems so logical and 
its dynamics have been investigated in many species there has been very little 
research on alternative pathways. Yet very early work has hinted at the existence of 
non-hepatobiliary pathways for cholesterol excretion. As early as 1927 Sperry con-
cluded from studies with bile-diverted dogs that these animals continue to excrete 
cholesterol and he concluded that “that under some conditions the cholesterol of 
the faeces comes from neither food nor the bile which may be secretion through 
the intestinal wall, desquamated epithelium, or bacteria” (Sperry 1927) . The data 
from Sperry’s work have been largely ignored and it took almost 50 years before 
Pertsemlidis et al. (1973) confi rmed the data of Sperry, also in studies with dogs. 
Likewise, faecal sterols of non-dietary origin are present in the faeces of patients 
with biliary obstruction (Cheng and Stanley 1959b) or rats with long-term bile 
diversion. A major drawback in such studies is the lack of biliary components in the 
enterohepatic cycle under these conditions. Particularly, the absence of bile acids 
compromises cholesterol absorption, and consequentlys affect intestinal cholesterol 
synthesis, as well as lipid absorption, with unknown side-effects. This is probably the 
reason that these and similar studies have gone largely unnoticed in the literature. 
With time, experimental set-ups improved and, in the early 1980s, Miettinen et al. 
(1981) investigated the origins of faecal neutral steroids in normal rats. Using an iso-
topic balance method developed in their laboratory (Miettinen 1970; Miettinen et 
al. 1990) and the isotopic steady-state balance procedure (Chevallier 1967; Wilson 
1964), they established that the specifi c activity of faecal cholesterol was consist-
ently lower than that of plasma cholesterol or the faecal bile acids: an observation 
consistent with earlier reports (Chevallier 1960; Danielsson 1960; Peng et al. 1974). 
This result indicated that a considerable portion of the faecal neutral steroids was 
derived from cholesterol not in equilibrium with the rapidly exchangeable pool of 
body cholesterol. The study of Miettinen et al. (1981) showed that approximately 
40–50% of faecal neutral sterols in rats fed a sterol-free diet arise from a source 
of non-exchanging cholesterol. They concluded that these sterols have at least two 
origins: fur-licking and sterols originating directly from the intestine. Under condi-
tions that prevent fur-licking, either by acetone-washing of the animals or by physi-
cal restraint, the contribution of non-exchanging cholesterol to total faecal neutral 
sterol output was still approximately 33%. A similar phenomenon has been shown 
also to occur in humans. In 1967 Simmonds et al. performed elegant intestinal per-
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fusion studies in humans and observed signifi cant direct secretion of cholesterol 
in the small intestine. Until recently the origin of this cholesterol has remained an 
enigma. The development of transgenic mouse models that have abrogated biliary 
lipid secretion has made it possible to study the role of the intestine in cholesterol 
excretion, isolated from the biliary system. A case in point is the Abcb4 knockout 
mouse. In this model biliary phospholipid and cholesterol secretion is completely 
absent. Yet bile acid secretion and bile fl ow are not affected. Neutral sterol excre-
tion is completely normal in these mice proving that an alternative pathway for 
cholesterol output is present or can be activated. Kruit et al. demonstrated that 
intravenously administered radiolabelled cholesterol fi nds its way to the faeces 
demonstrating a direct pathway for cholesterol from the blood compartment to the 
intestinal lumen (Kruit et al. 2005). Activation of LXR target genes with the agonist 
T0901317 stimulated the pathway indicating active transport. To obtain more insight 
in the underlying mechanism cholesterol secretion was studied in an isolated intes-
tinal perfusion set-up. By cannulating intestinal segments in situ, keeping the blood 
supply intact, the intestinal lumen can be perfused with buffers to which cholesterol 
acceptors can be added. Measurement of cholesterol in the perfusate allows assess-
ment of cholesterol transport across the intestinal wall. Surprisingly, cholesterol 
secretion was highest in the proximal 10 cm of mouse small intestine encompassing 
duodenum and the fi rst part of jejunum (van der Velde et al. 2007). Output gradually 
decreased to reach very low levels in the colon (Fig. 8.2 ). The presence of bile acids 
and particularly phospholipid was necessary to induce the process. The molecu-
lar mechanism by which cholesterol is transported from blood through intestinal 
wall is still incompletely understood. Surprisingly, Abcg5/g8 seem not to be involved 
because the rate of transintestinal cholesterol secretion (TICE) was unaltered in 
Abcg8 knockout mice (van der Velde et al. 2007). In addition, Srb1 does not mediate 
TICE, in contrast the rate of TICE was 2-fold higher in Srb1 knockout mice. Also, 
feeding mice ezetimibe failed to infl uence TICE, indicating that also NPC1L1 plays 
no role in this process. Yet, in addition to bile acids and phospholipids TICE could be 
infl uenced via diet and an agonist of the nuclear receptor PPAR- δ (Vrins, unpub-
lished data). High-fat diet doubled neutral sterol output in wildtype mice and also 
doubled the capacity of TICE. Interestingly, a diet high in cholesterol failed to exert 
a similar activity (van der Velde et al. 2008). The effects of high-fat diet could be 
mimicked by giving the mice GW742X, an agonist of the nuclear receptor PPAR- δ, 
suggesting that the effects are mediated through this nuclear receptor.
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Fig. 2 A simplifi ed scheme illustrating the different sources of cholesterol in the intestine. In wild-type mice that 
have free access to normal chow diet, the cholesterol input into the intestine from both diet and bile (per 100 g 
bodyweight) is approximately 9 μmol/day. Approximately 40% of this cholesterol is reabsorbed from the intestine 
and this should result in an output in the faeces of 4–5 μmol/day. Twice as much (10 μmol/day) is found, indicating 
that a signifi cant amount (5 μmol/day) of the cholesterol output in faeces cannot be explained by input via diet and 
bile alone. Intestinal perfusion studies demonstrated that direct transintestinal cholesterol excretion ( TICE ) exists 
and that this output is highest in the proximal 10 cm of mouse small intestine. TICE gradually decreases to reach 
very low levels in the colon  

Which lipoprotein serves as the donor of cholesterol for TICE is not yet clear. 
Literature data obtained with Abca1 null mice that have no HDL suggest that this 
lipoprotein may not be important because these mice have completely unaltered 
neutral sterol excretion. Triglyceride-rich lipoproteins could be involved. In a recent 
report, Brown et al. (2008) demonstrated increased TICE in mice in which the 
enzyme acyl-CoA; cholesterol acyltransferase-2 was knocked down by treating the 
mice with antisense oligonucleotide. Surprisingly, although cholesterol-esterifying 
capacity in the liver was almost gone, these mice responded not by increasing biliary 
cholesterol secretion but instead by enhancing output of triglyceride-rich VLDL. 
In elegant experiments, Brown et al, (2008) isolated radiolabelled particles in an 
isolated liver perfusion set-up of both wild-type and liver Acat-2 knockdown mice. 
Subsequently the particles were infused in a cross-over design in both wild-type 
and Acat-2 knockdown recipient mice and the fate of the radiolabelled cholesterol 
was determined. No change in biliary output was observed yet labelling of lumen 
and cells of the proximal 10 cm intestine increased when mice were infused with 
isolated pefusate of Acat-2 knockdown mice, suggesting that the substrate for TICE 
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was increased in these samples (Brown et al. 2008). Clearly more work is required 
to isolate the active component. As indicated above, the heterodimer Abcg5/g8 does 
not contribute to TICE as measured in isolated intestinal perfusion studies. Additional 
factors may be required in the perfusate to induce Abcg5/g8 activity. Recent in vivo 
studies by van der Veen et al. determined the contribution of TICE in mice that 
were treated with the LXR agonist T0901317. This compound has been shown to 
increase neutral faecal sterol excretion 2- to 3-fold and also to directly stimulate 
faecal secretion of macrophage-derived cholesterol. Van der Veen et al. determined 
whole-body cholesterol fl uxes by using elaborate stable isotope methodology. TICE 
strongly increased after treating wild-type mice with T0901317. In addition they 
demonstrated signifi cantly decreased TICE in Abcg5 knockout mice. Taken together 
these results indicate a role for Abcg5/g8 in TICE in vivo. Use of similar methodology 
may be employed to quantify TICE in humans. The pathway does exist in man as well. 
Faecal sterols of non-dietary origin are present in the faeces of patients with biliary 
obstruction (Cheng and Stanley 1959a); and Simmonds et al. (1967) demonstrated 
direct intestinal cholesterol secretion in intestinal perfusion studies in man. However, 
the contribution of TICE to faecal sterol excretion is probably lower in humans than 
in mice. On average, humans secrete about 1 g/day of neutral sterols (Grundy 1983; 
Grundy and Ahrens 1969) Dietary cholesterol intake is about 400 mg (Samuel and 
McNamara 1983) and biliary cholesterol secretion amounts to 1000 mg (Hernell 
et al. 1990; Phillips 1960) . Cholesterol absorption has been estimated to be about 
50% (Grundy 1983; Grundy and Ahrens 1969; Miettinen 1970;  Miettinen et al. 1990). 
Hence, the average TICE in humans can be estimated to be around 300 mg/day for 
70 kg body weight, which is about one-third of the amount secreted into bile. The 
much higher biliary cholesterol secretion in man is probably the reason for the 
lower contribution of TICE to sterol excretion compared to mice.

5 Role of the Enterohepatic Cycle in the Control of 
Cholesterol Homeostasis 

Secretion of bile is generally thought to be necessary for adequate digestion and 
handling of lipids in the food. Bile acids are the primary component; phospholipids 
are assumed to be added to prevent detergent bile acid action in the biliary tree. 
Since there seems to be no other pathway for cholesterol excretion from the body, 
the biliary route seems to be designed to accomplish this function. The identifi cation 
of TICE forces re-evaluation of these paradigms. Particularly in mice, TICE is the pre-
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dominant pathway for removing cholesterol from the body. In addition, the simple 
function of bile acids as emulsifi ers of dietary lipids has been challenged. The past 
decade revealed multiple functions of bile acids in the fi ne transcriptional control 
of lipid metabolism and even energy homeostasis (Scotti et al. 2007; Thomas et al. 
2008; Zimber and Gespach 2008) . When bile acids only serve to help in digesting 
food, one would expect biliary secretion to strongly decrease during prolonged 
starvation. In mice the opposite has been observed. Bile formation increases in mice 
starved for up to 48 h (Kok et al. 2003; Scotti et al. 2007; Thomas et al. 2008; Zimber 
and Gespach 2008). This is mainly due to an increase in bile acid secretion; yet bile 
acid synthesis progressively decreases, indicating that the animal increases the rate of 
energetically costly enterohepatic cycling during prolonged starvation.  Apparently, 
the enterohepatic cycle serves an important role in maintaining lipid homeostasis. It 
is not clear which biliary component is most important in this homeostatic mecha-
nism. It will be interesting to carry out prolonged starvation in an animal model with 
a (partially) disrupted enterohepatic cycle. 

6 Concluding Remarks 

During the past two decades, progress in the fi eld of bile acid and cholesterol 
research has been enormous. The role of both steroids in controlling intricate 
transcription networks has emerged. Particularly, bile acids have lost their role as 
relatively non-specifi c detergents, to become important connectors of metabolic 
pathways. The importance of both bile acid and cholesterol for lipid homeostasis 
in mammals is exemplifi ed by the extremely complex networks involved in regula-
tion of expression and activity of the key enzymes in the pathways, i.e., HMG-CoA 
reductase and 7-a-hydroxylase. The liver is the most important site at which the 
activity of these enzymes is regulated but intensive cross-talk between liver and 
intestine plays a major role.
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Summary

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Het onderzoek dat beschreven wordt in dit proefschrift gaat uit van de hypothese 
dat glycosphingolipiden een belangrijke rol spelen bij het ontstaan van obesitas 
geinduceerde insuline resistentie. De beschikbaarheid van een specifi eke remmer 
voor het enzym glucosylceramide synthase, een belangrijk enzym in de glycosphin-
golipiden synthese, gaf ons de mogelijkheid om het effect van glycosphingolipiden 
verlaging te testen in zowel in vitro als in vivo model systemen.
In hoofdstuk 1 wordt de achtergrond informatie gegeven bij dit proefschrift. Aan 
bod komen de consequenties van insuline resistentie die verder rijken dan glucose 
homeostase alleen, en ook invloed hebben op het metabolisme van triglyceriden en 
cholesterol. Uitgaande van eigen gegevens en informatie uit literatuur wordt er een 
verklaring opgeworpen waarom obesitas geassocieerd is met hoge glycosphingoli-
piden niveaus en insuline resistentie. In het kort: obesitas bevordert een verhoging 
van glycosphingolipiden zoals de ganglioside GM3 en de sphingolipide ceramide. Een 
teveel van deze lipiden interfereert met de mogelijkheid van insuline om de insuline 
receptor te activeren evenals de onderliggende eiwit kinasen. Het experimentele 
bewijs hiervoor komt van interventie studies met remmers van glycosphingolipid 
biosynthese. De ontwikkeling van deze remmers is vanuit een historisch perspectief 
beschreven.
Hoofdstuk 2 beschrijft een studie waarbij verschillende remmers van glycosphin-
golipid synthese werden getest op hun potentie om insuline gevoeligheid te ver-
beteren in knaagdier modellen voor insuline resistentie. Deze op iminosuikers 
gebaseerde remmers verschillen in hun substraat specifi citeit (IC50) voor gluco-
sylceramide synthase en intestinale glycosidases. We vonden dat AMP-DNM, een 
stof die zowel de intestinale glycosidases alsook glucosylceramide synthase remt, 
de beste effecten toonde op glycemische controle. Het bufferen van opname van 
suikers uit de darmen met deze remmer draagt waarschijnlijk bij aan de verbeterde 
glucose homeostase in proefdier modellen.
Dysfunctioneel vet weefsel levert een belangrijke bijdrage aan obesitas-geindu-
ceerde insuline resistentie, waarschijnlijk doordat de secretie van adiponectine is 
verlaagd en de secretie van infl ammatoire cytokines en vrije vetzuren is verhoogd. 
In hoofdstuk 3 laten we zien dat behandeling van ob/ob muizen met AMP-DNM 
de insuline signalering herstelt in geisoleerde, en ex vivo met insuline gestimuleerde, 
vetcellen. Adiponectine gen expressie en eiwit niveaus namen toe en het aantal 
vetweefsel geassocieeerde macrofagen nam af in vivo. 
In hoofdstuk 4 wordt verslag gedaan van de effecten van AMP-DNM behandeling op 
lever steatose. De vette lever die vaak gepaard gaat met systemische insuline resist-
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entie wordt toegeschreven aan hoge insuline niveaus die de novo vetzuur synthese 
in de lever activeren. Orale toediening van AMP-DNM voorkwam hepatomegaly, 
verbeterde insuline signalering in de lever, en corrigeerde bloed glucose en insuline 
concentraties. De expressie van SREBP-1c gereguleerde genen, betrokken bij vetzuur 
synthese, normaliseerde en vetzuur synthese in de lever nam af. De ontwikkeling 
van prominente steatose in het centrilobulaire gebied werd voorkomen en tegelijk 
werd de opslag van glycogeen genormaliseerd in levers van behandelde muizen. 
Daar kwam nog bij dat de behandeling met AMP-DNM het genexpressie patroon 
in de lever veranderde in de richting van het profi el zoals dat wordt waargenomen 
bij dunne muizen.
In hoofdstuk 5 hebben we gekeken naar de effecten van AMP-DNM op voed-
selinname en energie verbruik bij ob/ob muizen. Hierbij maakten we gebruik van 
metabole kooien. De start van de behandeling leidde tot een toename in de vet 
verbanding en een afname in koolhydraat verbranding. Dit ging gepaard met een 
afname in voedsel inname en energie verbruik. Na vijf weken behandeling was er een 
sterke afname van de hoeveelheid triglyceriden in de lever van de met AMP-DNM 
behandelde dieren. In samenhang met de verhoogde vetverbranding werd er een 
verhoogde expressie van CPT-1a in de lever gevonden. 
In een tweede experiment leidde blootstelling van ob/ob muizen aan AMP-DNM 
gedurende vier uur tot activatie van delen van de hypothalamus die bekend staan 
om hun rol in regulatie van voedsel inname. Deze korte behandelperiode had geen 
waarneembare perifere metabole effecten, wat suggereert dat de veranderingen in 
het brein voorafgaan aan de perifere effecten.
In hoofdstuk 6 worden de gevolgen van glycosphingolipiden verlaging beschreven 
op cellulair niveau. De oorspronkelijk van lever afkomstige cellijn HepG2 werd gek-
weekt en gedurende 48 uur behandeld met AMP-DNM. Dit zorgde voor een verlag-
ing van de glycosphingolipiden in de cellen van wel 70%, zonder dat dit een duidelijk 
effect had op cel groei of morfologie. We analyseerden de mRNA expressie van 
deze cellen met behulp van microarrays en vergeleken daarbij de behandelde met 
de niet-behandelde cellen. We vonden een verhoogde expressie in een set genen 
die gereguleerd worden door de transcriptie factor SREBP. Deze transcriptiefac-
tor activeert genen in het pad voor sterol biosynthese en we konden inderdaad 
aantonen dat dit leidde tot een verhoogde synthese van cholesterol in AMP-DNM 
behandelde cellen. 
In de studie die beschreven staat in hoofdstuk 7 hebben we bepaald of AMP-DNM 
ook lipiden homeostase beinvloedt en dan vooral het “reverse cholesterol” pad. 
Behandeling van C57BL/6J muizen met AMP-DNM gedurende vijf weken verlaagde 
plasma niveaus van triglyceriden en cholesterol met 35%, terwijl de neutrale sterolen 
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excretie verdubbelde. Secretie van gal lipiden verdubbelde ook, en dit resulteerde in 
een vergelijkbare toename in de gal toeloop. Dit effect werd niet veroorzaakt door 
een verandering in expressie of kinetiek van de verscheidene export pompen die 
betrokken zijn bij galvorming. Echter, het galzouten depot nam toe en de expressie 
van Cyp7A1 was verhoogd. In vitro experimenten met HepG2 cellen liet zien dat dit 
kwam door een remming van de FGF19 gemedieerde onderdrukking van Cyp7A1 
via de FGF receptor. 
Galzouten vinden hun oorsprong in cholesterol en men heeft lang gedacht dat 
deze galzouten afvalproducten waren met een additionele rol in voedsel vertering. 
Gedurende de laatste 10 jaar zijn er nieuwe functies van galzouten aan het licht 
gekomen, en het blijkt dat ze niet alleen van belang zijn in de interfase tussen lichaam 
en buitenwereld, maar dat het ook erg belangrijke signaal moleculen zijn die een rol 
spelen in de balans van metabole paden. In hoofdstuk 8 concentreren we ons op 
de functie van galzouten in de regulatie van cholesterol homeostase op het niveau 
van cellen alsook het hele organsime. 
Hoofdstuk 9 bevat een algemene discussie over de resultaten die zijn beschreven 
in dit proefschrift. De effecten van AMP-DNM op glucose homeostase op grond 
van veranderingen in insuline signalering in de spier en lever alsook de capaciteit 
om intestinale glycosidases te remmen wordt toegelicht. Tevens worden de gunstige 
effecten van AMP-DNM op lipiden metabolisme in de lever en het vetweefsel bes-
proken. Er wordt kort ingegaan op de impact van AMP-DNM op cholesterol en gal 
homeostase via paden die geen betrekking hebben op de insuline receptor. Het is 
niet ondenkbaar dat AMP-DNM behalve verlaging van glycosphingolipiden ook nog 
andere werkingsmechanismen heeft en een aantal opties voor toekomstige experi-
menten om dit te testen wordt voorgesteld. Uiteindelijk wordt ook de mogelijkheid 
van het gebruik van iminosuikers voor de behandeling van obesitas-geinduceerde 
insuline resistentie besproken.
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Dankwoord

Het is dan wel mijn naam die prijkt op de voorkant van dit boekje, maar het werk 
tussen de kaft is het werk van velen. Ze zeggen dat vele handen licht werk maken. Ik 
heb de afgelopen jaren niet als de lichtste jaren ervaren, maar ook zeker niet als heel 
zwaar. Ze waren bovenal leerzaam, bijzonder, stimulerend en gezellig. Ik wil met deze 
laatste woorden in dit proefschrift mijn dank en waardering uitspreken aan iedereen 
die mij direct of indirect heeft bijgestaan. De mensen die bijgedragen hebben door 
het doen van proeven, de meedenkers, de plezier verschaffers, de richting gevers en 
de mensen die er gewoon voor me waren als dat nodig was. 

Geachte professor Aerts, beste Hans. Jij overtuigde mij om bij de afdeling biochemie 
te komen werken met een super enthousiast verhaal waarin jij voor ogen had hoe 
het remmen van glycosphingolipiden synthese de wereld van diabetes zou gaan ver-
lossen. Mijn beslissing om aan dit project te beginnen was snel genomen. Gedurende 
de afgelopen jaren heb ik jouw enthousiasme vaak mogen meemaken en ik vond dat 
altijd zeer stimulerend. Jouw ijzeren geheugen, creatieve blik en enorme biochemi-
sche kennis zijn een snelkookpan voor hypotheses waar ik rijkelijk uit heb mogen 
putten. Ik zal nog vaak terug denken aan de lange discussies die we voerden en ik wil 
je bedanken voor de mogelijkheid die je me hebt gegeven om bij jou op de afdeling 
onderzoek te mogen toen. 

Geachte professor Groen, beste Bert. De allereerste keer dat ik jou zag stond 
je verkleed als Sinterklaas voor m’n neus (ik wist echt niet wie je was) en moest 
ik voor je zingen in ruil voor pepernoten. Toen al wist je me te overtuigen dat 
ik dat gewoon moest doen. Die overtuigingskracht en jouw heldere en praktisch 
ingestelde blik hebben mij snel aan het schrijven gezet wat leidde tot een eerste 
publicatie. Ik heb erg veel van jouw systematische aanpak geleerd, maar ook heb je 
me het belang van netwerken duidelijk gemaakt. Jij sleepte me overal mee naartoe 
om m’n werk te delen met anderen en om contacten te leggen. Dankzij jou heb ik 
Alan Tall ontmoet, mijn toekomstige baas. Ik dank je voor de prettige samenwerking, 
en wie weet kruisen onze paden in de toekomst weer.

Geachte doctor Boot, beste Rolf. Misschien was jij het wel die voor mij de doorslag 
gaf om bij de biochemie te komen werken. Ik kende je natuurlijk al van mijn stage 
periode en wist dat ik aan jou een goede meedenker had. Jouw deur was de laatste 
jaren ondanks wat interne verhuizingen nooit ver van de mijne en stond altijd open 
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als ik je weer es wat wilde vragen. De antwoorden typisch Boot’s: kort maar helder 
en krachtig. Dankjewel voor alle input in het onderzoek.

Geachte professor Oude-Elferink, professor Wanders, professor de Vries, profes-
sor van Meer, dr. Stroes, en professor Havekes. Hartelijk dank voor het kritisch 
doorlezen van mijn proefschrift en de bereidheid om zitting te nemen in de 
promotiecommissie. 

Mijn lieve collega’s van de biochemie. Dankzij jullie ging ik met plezier naar m’n werk, 
aan het werk en naar de koffi ekamer voor een pauze vol grapjes en lekkere koekjes 
(Romana, bedankt). Marri, Peter, Judith, Shreyas, Wilma, Anneke: jullie hebben me de 
de fi jne kneepjes van het vak geleerd. Saskia, jij kan alles. Succes met wat je ook kiest 
om te gaan doen in de toekomst. Nick, jouw energie werkt aanstekelijk. Jammer dat 
we niet vaker naast elkaar hebben gestaan op het lab. Marielle, Duco, Annette, Ans, 
Marco, Carlie, de ‘Carlies’, dr. Guy, Elisa, Annette, Fred, Dave, Boris, ik heb me dankzij 
jullie erg thuis gevoeld op de afdeling. 
Florance, hope to meet you again someday in the athero- or climbing world. Cindy 
en Roelof, de muizen vrienden. Jullie harde werken heeft mooie studies opgeleverd 
waarvan een aantal terug te vinden is in dit proefschrift. Cindy, ik ben bijzonder 
dankbaar dat ik het werk van jouw stage opdracht heb mogen verwerken in “ons” 
stuk (hoofdstuk 7). 
Tineke: dat klot* eiwit waar we zo hard op hebben staan ploeteren. Jij hebt heel wat 
proeven gedaan maar uiteindelijk moesten we besluiten dat wat we wilden niet ging 
lukken met deze eiwit familie. Bedankt voor het doorstaan van alle frustraties en 
eindeloze transfecties en IP’s. Helaas konden we er geen mooi verhaal van maken 
maar komt het nog even terug in de discussie. En wie weet gaat de nieuwe garde er 
nog mee vandoor? 
Laura, een paar nuttige handen erbij op het lab en een serieuze meedenker. Jij hebt 
mij enorm geholpen door een onderzoekslijn uit te pluizen. Jouw resultaten waren 
zoals we zeggen zwart wit en lieten geen ruimte voor twijfel bij de interpretatie. Ik 
heb er vertrouwen in dat je een heerlijke carriere als wetenschapper tegemoet kan 
gaan. 
Kamergenoten uit K1-112, Carlos, Milka, Mirjam. We hadden aan weinig woorden 
genoeg om altijd een supergezellige kamer te hebben, hoewel het soms wel ondra-
gelijk warm werd als we met z’n allen liepen te zweten om een artikel af te maken. 
Koffi etijd dan maar? Het was een bijzonder productief jaar zo met z’n  4-tjes. 
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Lieve Mette en Mirjam, mijn paranimfen. Wat fi jn dat jullie straks naast me staan op 
24 november. Mirjam, we hebben de laatste maanden intensief samengewerkt en jij 
ging me al voor in de plechtigheid die bij een promotie hoort. Met jouw kennis van 
zaken voel ik me werkelijk gesterkt tegenover de commissie. Ik heb erg veel van je 
geleerd en bewonder je vastberadenheid en doorzettingskracht in het onderzoek. 
De gezamelijke congres bezoekjes, dagelijkse metro ritjes en kopjes cappuccino 
waren erg gezellig. Mette, dat jij mijn paranimf moest worden stond voor mij al 
heel lang vast. Jij bent degene die al jaren nauw betrokken is bij alle grote en kleine 
gebeurtenissen in mijn leven; van gezamenlijk op stap en afstuderen, tot verhuizingen 
en trouwfestijnen. Nu ga je zelfs de emigratie meemaken door met ons mee af te 
reizen naar de U.S. Ik vind het geweldig dat je er bent en ook bij deze mijlpaal weer 
naast me staat.

Het AMC is een groot ziekenhuis met vele afdelingen. Ik ben blij dat ik met een 
aantal afdelingen heb kunnen samenwerken. Vassilis, de griek. Jij deelde mijn klotho 
avontuur en frustraties maar voor jou zit er uiteindelijk wel een mooi stuk in. 
Wanneer gaan we grieks eten om de goede afl oop te vieren? Jan Aten, bedankt 
voor je praktische adviezen en technische hulp. Het is een mooi verhaal geworden. 
Sander, ik heb bewondering voor wat jij allemaal kan en doet. Jouw steuntjes in de 
rug hebben me enorm geholpen. 

Vrienden en familie. Promoveren kan heel egoïstisch zijn. Er gaat een boel tijd en 
energie zitten in je werk. En soms ben je daardoor niet zo helder, gevat en grappig 
als je wel zou willen zijn op de sociale momenten. Jullie hebben me nooit een stro-
breed in de weg gelegd om mijn doel na te streven. Mam, pap, jullie zijn onmisbaar 
geweest. Ik vind het fantastisch wat jullie voor me hebben gedaan, en dan bedoel ik 
niet alleen het feit dat jullie elke dinsdag op Elmer pasten. 

Joris: jouw bijdrage aan dit proefschrift is (onzichtbaar) wel het grootst geweest. 
Dankjewel voor jouw onvoorwaardelijke steun bij alles wat ik doe. Ik kijk uit naar 
de tijd met ons drietjes samen in New Yok.
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