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Abstract

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

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

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

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

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

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

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

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

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

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

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