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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.
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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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