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General discussion and future 
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General discussion

The use of sugar analogues to monitor glycosidase activity.

This thesis comprises different studies related to the application of synthetic sugar ana-
logues to inhibit the activity of specific retaining glycosidases and glucosyltranferases 
and their impact on glucosylceramide metabolism. In part I we exploited the use of Ac-
tivity Based Probes (ABPs) as valuable tools to label and visualize the activity of different 
β-retaining glycosidases and β- galactosidases in the brain. The first ABP was generated 
based on a cyclophellitol-epoxide, a known potent suicide inhibitor of glucocerebrosi-
dase (GBA), irreversibly linking to the catalytic nucleophile, glutamate 340 (Witte MD K. 
W.-K., 2010). To the C6 of a cyclophellitol-epoxide scaffold a fluorescent boron-dipyr-
romethene (BODIPY) molecule was linked. The attachment of the BODIPY moiety to the 
cyclophelltiol-epoxide enhances the affinity and inhibitory capacity of the ABPs over 
GBA (Witte   MD K. W.-K., 2010). Moreover, the amphiphilic fluorescent cyclophelli-
tol-epoxide type ABPs easily penetrate cells and allow monitoring of active GBA in vitro, 
in situ and in vivo (Kallemeijn WW W. M., 2014; Witte MD K. W.-K., 2010). Intravenous 
infusions of cyclophellitol-BODIPY ABPs result in specific in vivo labeling of active GBA 
(the enzyme responsible for hydrolysis of glucosylceramide in the lysosome and defi-
cient in Gaucher disease (GD) (Brady RO, 1966) in several tissues, with the exception of 
brain and eye (Witte MD K. W.-K., 2010; Kallemeijn WW L. K.-B., 2012). The lack of label-
ing in brain is likely due to active removal of BODIPY-containing compounds by P-glyco-
proteins (ATP-binding cassette drug transporters) in the brain capillaries, a similar phe-
nomenon was  previously observed for other BODIPY-conjugated compounds (Shukla S, 
2011). We developed a method, intracerebroventricular infusion (icv) (Chapter 1) that 
allows visualization of active GBA in brain areas with high spatial resolution (Herrera 
Moro Chao D K. W., 2015). After assessing fluorescent intensity in different brain areas 
by confocal fluorescent microscopy in animals icv  infused with cyclophellitol-BODIPY 
ABPs, we concluded that areas related to motor control like the basal ganglia and motor 
related structures in the brainstem present high GBA activity. Reduced GBA activity in 
GD patients has been associated to the susceptibility and onset of Parkinson and α- sy-
nucleinopathies (Siebert M, 2014 ; P., 2016). The relative high GBA activity in the motor 
related areas of normal brain could underlie the presentation of motor neurological 
symptoms in GBA- deficient patients, however, other studies have suggested that the 
accumulation of glycosphingolipid substrates of GBA, like glucosylceramide and gluco-
sylsphingosine, do not correlate directly with local brain pathology. It has been proposed 
that rather local neuroinflammation further accelerates neurodegeneration during GBA 
deficiency (Farfel-Becker T V. E., 2011; Farfel-Becker T V. E., 2014; Vitner EB, 2012). We 
next employed a second generation of ABPs based on a cyclophellitol-aziridine tagged 
with a fluorophore at the nitrogen. These cyclophellitol aziridine-based ABPs label a 
broad- spectrum of β-retaining glucosidases, including GBA, glucocerebrosidase 2 
(GBA2) and glucocerebrosidase 3 (GBA3) (Kallemeijn WW L. K.-B., 2012). Again the label-
ing proceeds by irreversible linkage to catalytic nuclophiles in the enzymes’ pockets 
(Kallemeijn WW W. M.-B., 2014 ). As demonstrated in Chapter 1, one can label and visu-
alize active GBA2 in the brain, the enzyme responsible for hydrolysis of glucosylceramide 
outside the lysosome, through consecutive icv administration of cyclophellitol-BODIPY 
ABPs, or conduritol B-epoxide (CBE), followed by cyclophellitol aziridine-based ABPs 
with a distinct BODIPY tagged to it (Herrera Moro Chao D K. W., 2015). This stepwise 
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procedure results in labeling of almost all active GBA in the first step, followed by al-
most selective GBA2 labeling with the cyclophellitol aziridine-based ABP in the second 
step. This analysis resulted in the visualization of high GBA2 activity in the cerebellar 
cortex, particularly in Purkinje cells. Inherited deficiency in GBA2 is associated with the 
development of cerebellar ataxia and spastic paraplegia, pathologies where Purkinje 
cells are heavily affected (Sultana S, 2015; Hammer MB, 2013). Chapter 2 further broad-
ens the use of ABPs to labelling of β-galactosidases in brain. For this use was made of a 
fluorophore tagged β-galactopyranosyl-configured cyclophellitol- epoxide ABP that spe-
cifically labels β-galactocerebrosidase (GALC), again though irreversible binding to the 
catalytic nucleophile. GALC hydrolyses galactosylceramide and its deficiency produces 
Krabbe disease (KD) (Y S. K., 1970). Galactosylceramide or galactosylsphingosine accu-
mulation (glycosphingolipid substrates of GALC) play a central role in brain inflammation 
and demyelination in KD (Graziano AC, 2015). Icv administration of β-galactopyrano-
syl-configured cyclophellitol-epoxide ABP resulted in specific in situ labelling of lysosom-
al GALC in the brains of wt mice and such labelling was absent in KD mice. Our analysis 
with β-galactopyranosyl-configured cyclophellitol-epoxide ABP revealed high fluores-
cent intensity in the cerebellar cortex, an area broadly deteriorated during KD (Shao YH1 
& CareRare Canada Consortium, 2016 ). Our novel approach in principle allows detec-
tion  of residual active GALC. Chapter 3 exploits the possibility of multiple glycosidase 
labelling in the same biological sample. The study documents that cyclophellitol-aziri-
dine-based ABPs at high nanomolar concentrations besides β-glucosidases (GBA, GBA2) 
also is able to label β-galactosidases (GALC, GLB1 (lysosomal acid β-galactosidase). Icv 
administration of a high concentration of cyclophellitol-aziridine ABP allows simultane-
ous labeling of β-glucosidases and β-galactosidases in brain. Examination of labeled pro-
teins in brain specimens by means of gel electrophoresis points to labeling of all en-
zymes (GBA, GBA2, GALC and GLB1). In principle the cyclophellitol-aziridine ABP might 
be used in multiplex screening assays for deficiencies in several glycosidases. Chapter 4 
presents a further application of ABPs. Two types of therapeutic recombinant GBAs (ve-
laglucerase and imiglucerase) were labeled with cyclophelitol-epoxide ABP with distinct 
BODIPY moieties and equimolar mixed. A comparison of uptake by isolated dendritic 
cells and biodistribution in mice following intravenous infusion showed no differences 
between the two recombinant GBA. Both enzymes are currently used in the treatment 
of GD in which macrophages are primarily affected (Brady RO, 1966; Hruska KS, 2008; 
Bussink AP, 2006). The study highlights the value of ABPs to comparatively investigate 
recombinant GBA in cells and animal models. Chapter 5 further explores the use of ABPs 
to monitor β-glucosidase activity in the lysosomal storage disease (LSDs) Niemann Pick 
type C (NPC). NPC is a neurovisceral disease, characterized by accumulation of cholester-
ol and glycosphingolipids in cells by impaired function of the proteins NPC1 or NPC2, 
implicated in the transport of cholesterol from lysosomes to the cytosol. Purkinje cells 
are affected in NPC and their loss markedly contributes to the pathology. Rescue of the 
NPC1 gene in Purkinje cells in a NPC mouse model was found to markedly reduce ataxia, 
increase body weight and prolong life span in an NPC mouse model (Lopez ME, 2011). 
Our study in Chapter 5 provides evidence for a critical role of GBA2 activity in the loss of 
motor coordination in a NPC mouse model. As mentioned earlier Purkinje cells of the 
cerebellum of wt rodents present high  GBA2 activity, our study revealed furthermore 
that NPC KO mice show excessive amounts of active GBA2 in the cerebellum. Both ge-
netic ablation of GBA2 or its pharmacological inhibition by treatment with N- (5’-ada-
mantane-1’-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM) increased life span and 
delayed Purkinje cell loss in NPC mice. The exact molecular mechanism by which exces-
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sive GBA2 causes neurotoxicity still needs to be elucidated. GBA2 has recently been 
shown to form glucosylcholesterol (GlcChol) by transglucosylation and GlcChol is very 
markedly elevated in liver of NPC KO mice and in plasma of NPC patients (Marques AR, 
2016). Future studies should provide evidence of the role of GlcChol in the neurotoxicity 
in NPC disease.

Future prospects in the use of ABPs in health and disease.

The developed ABPs provide powerful and specific tools to monitor and modulate the 
activity of β- retaining glycosidase and β-galactosidase in vitro, in situ and in vivo. The 
use of ABPs in fundamental research can be useful to study interactions of ABP-targeted 
enzymes and other proteins by adding a biotin molecule instead of fluorophores (Ji-
ang J, 2016 ). Such an approach will allow purification of proteins by biotin-streptavidin 
pulldown assays to subsequently identify protein interactions by proteomics. Our novel 
methodology to visualize β-glycosidase and β-galactosidase activity in vivo can also be 
applied to study the specific spatiotemporal state of these enzymes in the cellular com-
partments or the biodistribution of enzyme activity in living organisms. For example, one 
can envision to study the physiological consequences of specific enzyme deficiency by 
employing the specific suicide inhibitory capacity of ABPs. A comparison between brain 
and peripheral specific enzyme deficiency can be helpful to study the etiology of neuro-
logical versus visceral symptoms in different LSDs, such as GD and KD. Novel implemen-
tation of radioisotope-containing tag ABPs suitable for positron-emission tomography 
(PET) or single-photon emission computed tomography (SPECT) (Zeng D, 2013 ) repre-
sent a valuable tool for fundamental research but also to diagnostics by assessing, for 
example, residual enzyme activity in GD or KD patients. Similar approaches have been 
proposed for tumor imaging techniques using photo induced electron transfer ABPs (Y 
U. , 2012 ). Increasing GBA activity by adeno-associated-virus mediated GBA expression 
in specific brain areas have been found to reduce neurotoxic accumulation of insoluble 
α-synuclein and prevented neurological symptoms of Parkinsonism in a GD mouse mod-
el (Sardi SP, 2013 ). Further research in this direction is furthermore warranted by the 
still unmet neurological clinical need for GD type II and III patients. ABPs can be elegantly 
employed in this type of research with animal models to monitor the obtained actual 
corrections in active GBA in various brain regions with high resolution. In conclusion, 
ABPs are powerful assets to modulate and monitor the activity of β-retaining glycosidase 
and β-galactosidase in the brain. In addition they represent valuable tools to study the 
role of these enzymes in health and disease and they may assist diagnosis and be of help 
in monitoring treatment of LSDs.

The use of iminosugars to ameliorate the metabolic syndrome.

Sphingolipids and glycosphingolipids are located at the cell membrane, where they tran-
siently associate with cholesterol molecules to form microdomains called lipid rafts 
(Giovanni D’Angelo, 2013 ). Apart from being important structural components of cell 
membranes, they actively participate in numerous physiological processes, including en-
docytosis, intracellular trafficking and signal transduction by modulating membrane re-
ceptor signaling molecules (Breslow DK, 2010 ). Excessive (glyco)sphingolipid content 
has been related to the onset of metabolic comorbidities of obesity, in particular to the 
modulation of insulin sensitivity (Aerts JM B. R., 2011). It has been demonstrated that 
the sphingolipid ceramide and its glycosylated metabolites can modulate the signaling 
pathway of the insulin receptor located in lipid rafts, especially in skeletal muscle, white 
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adipose tissue and liver (Langeveld M A. J., 2009; Bikman BT, 2011 ; Tagami S, 2002 ). Part 
II of this thesis deals with the property of iminosugars to modulate glycosphingolipid 
metabolism in order to ameliorate the consequences of metabolic syndrome. AMP-
DNM, a synthetic structural mimic of glucosylceramide (Herman S. Overkleeft, 1998 ), is 
a potent inhibitor of glucosylceramide synthase (GCS, IC50=180 nM), the initial step in 
glycosphingolipid biosynthesis (van Meer G, 2003 ) and of GBA (IC50=180 nM) and GBA2 
(IC50=1-3 nM), two enzymes directly responsible for glucosylceramide hydrolysis (Brady 
RO, 1966; van Weely S, 1993). Previous studies have revealed signs of insulin resistance 
in GD patients, mainly due to accumulation of complex glycosphingolipids in plasma and 
spleen (Ghauharali-van der Vlugt K, 2008 ). Given its amphiphilic nature, AMP-DNM rep-
resents an attractive candidate to mitigate the metabolic symptoms observed in these 
patients due to its excellent biodistribution, including the brain, with a greater potency 
to inhibit GCS compared to  other iminosugars used in the treatment of LSDs (Wennekes 
T v. d., 2007 ). Indirect evidence in this regard comes from the finding that iminosugars 
occur in mulberry roots and leaves, traditional natural remedies to treat diabetes type 2, 
artherosclerosis and promote body weight loss (Cai S, 2016; Lim HH, 2013). Previous 
studies from our group have shown that AMP-DNM effectively decreases the complex 
glycosphingolipid content in liver and white adipose tissue, and markedly improves glu-
cose homeostasis in obese rodents through a dual mechanism: buffering carbohydrate 
assimilation via inhibition of intestinal glycosidases and improving insulin responsive-
ness by reducing excessive glycosphingolipids surrounding the insulin receptor (Aerts JM 
O. R., 2007; Wennekes T M. A., 2010). Additionally, AMP-DNM reduces inflammation in 
white adipose tissue, corrects hepatosteatosis and normalizes food intake in obese ro-
dents lacking leptin or its receptor (Aerts  JM B.R., 2011; van Eijk M, 2009; Langeveld M 
v. d.-W., 2012). The brain orchestrates feeding behavior and energy expenditure to main-
tain energy homeostasis, it is widely documented that neural and humoral peripheral 
signals secreted by peripheral tissues interact with orexigenic and anorexigenic neuronal 
populations in the hypothalamus controlling food intake, energy expenditure and insulin 
sensitivity to meet metabolic needs. These neuronal populations have projections to 
second order hypothalamic neurons and subsequently mainly the brainstem and spinal 
cord to modulate the autonomic output to the different metabolic organs (Morton GJ, 
2006; Munzberg H, 2016). In part II of the present thesis, we investigated the involve-
ment of the brain in the beneficial metabolic effects of AMP-DNM. Specifically, we test-
ed the hypothesis that AMP-DNM, in addition to its glycosphingolipid modulator capac-
ity, might exert its beneficial metabolic effects through its impact on these 
hypothalamic-brainstem circuits. We showed that the satiety effect induced by AMP-
DNM involves a complex gut-brain interaction mediated by taste receptors located in 
intestinal cells. The role of the taste receptors outside the gustatory epithelium is not 
fully understood, thus in Chapter 7 we investigated the taste receptor expression pat-
tern in non-gustatory organs with a special emphasis on the hypothalamus and brain-
stem (Herrera Moro Chao D A. C., 2016 ). Our study showed that sweet and bitter taste 
receptor and associated signaling pathway components are co-expressed in non-gusta-
tory organs, like the upper airways, gastrointestinal tract and brain. Different studies 
have demonstrated that taste receptors actively participate in different metabolic-endo-
crine functions. For example, taste receptors expressed in pancreas and the gastrointes-
tinal tract mediate secretion of insulin, glucagon-like peptide 1 (GLP1) and peptide YY 
(PYY) (Kyriazis GA, 2012 ; Steinert RE, 2011 ). Their involvement in hormone release is 
associated with modulation of food intake and energy metabolism (Treesukosol Y, 2011 
). Our study demonstrates that in brain the taste receptors are mainly expressed in the 
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hypothalamus and brainstem. Their role in the brain, while not fully understood, has 
been related to the sensitivity of the hypothalamus to circulating leptin and glucose 
(Daisuke Kohno, 2016; Ren X, 2009 ). In Chapter 7 we provide evidence for modulation 
of taste receptor  expression  in  non-gustatory  organs  during  different  metabolic  
states.  Obesity down-regulates taste receptor expression in duodenum and brain, par-
ticularly in the hypothalamus and brainstem. A few studies have evaluated the relation-
ship between taste and the development of obesity and diabetes. The prevalence of 
certain taste receptor variants has been associated with the susceptibility to develop 
glucose homeostasis dysregulations and obesity in humans (Dotson CD, 2008; Ortega FJ, 
2016 ). Additionally, it has been shown that obesity can diminish peripheral taste recep-
tor sensitivity which can alter taste perception (Maliphol AB, 2013 ). A potential role for 
taste receptors as therapeutic targets to treat obesity and diabetes has been recently 
proposed. In particular, bitter agents have been proven beneficial for insulin resistance 
and gastrointestinal motility during obesity (Sridhar MG, 2008 ; Avau B, 2015 ). In Chap-
ter 8 we demonstrate that AMP- DNM can interact with the human bitter receptor mem-
ber 16 (hT2R16) and with its orthologue receptor the mouse bitter receptor member 18 
(T2R118) to increase GLP1 secretion from endocrine intestinal cells. GLP1 is synthesized 
in the ileum of the gastrointestinal tract by enteroendocrine L- cells, but also by neurons 
in the brainstem after nutrient ingestion. GLP1 participates in numerous physiological 
functions, but its main effects are an improvement of glucose metabolism and a stimu-
lation of satiety (Donnelly, 2012). Indeed GLP1 mimetics have been proven beneficial for 
the treatment of type 2 diabetes and body weight loss (Neff LM, 2010 ). The increased 
plasma GLP1 concentrations in our study after AMP-DNM were accompanied by im-
proved satiety, glucose sensitivity and brown adipose tissue (BAT) activity in obese ani-
mals. The participation of GLP1 in the beneficial effects of AMP-DNM was evidenced by 
the fact that obese GLP1 receptor KO animals did not present the satiety effect induced 
by AMP-DNM. On the other hand, these animals still became more glucose sensitive. 
Furthermore, an essential role for brain GLP1 receptors was established by demonstrat-
ing that also specific hypothalamic GLP1 receptor KO animals did not decrease their food 
intake nor increase BAT activity after AMP-DNM consumption. Similar results were ob-
tained after icv administration of exendin-9, an inverse agonist of the GLP1 receptor 
(Göke R, 1993 ). The fact that the GLP1 pathway only mediated some of the improved 
metabolic effects induced by AMP-DNM  gave rise to a novel hypothesis of distinct 
mechanisms mediating different metabolic outputs  induced by AMP-DNM. The admin-
istration of L-ido-AMP-DNM, a close analogue of AMP-DNM with equipotent capacity of 
inhibiting glycosphingolipid synthesis (Wennekes T M. A., 2010), did not increase GLP1 
secretion in endocrine intestinal cells, nor increase satiety or BAT activity in obese ani-
mals, suggesting that the decrease of glycosphingolipid synthesis is not mediating all the  
beneficial metabolic effects induced by AMP-DNM. However, L-ido-AMP-DNM did im-
prove glucose homeostasis in obese animals, suggesting that as mentioned above the 
glycosphingolipid metabolism is crucial for the insulin sensitivity regulation.

Future prospects for the unraveling of additional mechanisms mediating the pleiotro-
pic metabolic effects induced by AMP-DNM.

The wide range of beneficial metabolic effects exerted by AMP-DNM suggests that many 
metabolic pathways are modulated by AMP-DNM. We investigated a few additional 
mechanisms plausibly involved in the metabolic effects induced by AMP-DNM. As de-
scribed in Chapter 8 AMP-DNM increased GLP1 secretion in intestinal cells by acting on 
bitter taste receptors. It has been shown that taste receptors also mediate the secretion 
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of other hormones, such as PYY (Steinert RE, 2011 ). PYY is a 36-amino acid peptide 
secreted by L-cells within the distal gastrointestinal tract. PYY infusion causes a dose-de-
pendent reduction in food intake in rodents and humans (Karra E, 2009 ). Previously it 
has been shown that obese animals chronically fed with AMP-DNM present higher 
plasma PYY levels (Langeveld M v. d.-W., 2012). In order to investigate if AMP-DNM 
influences the secretion of PYY through bitter taste receptors, we evaluated PYY secre-
tion (PYY was measured with the Millipore RIA kit) in intestinal cells overexpressing the 
hT2R16 or T2R118 (Figure 1a, 1b). As observed for GLP1, PYY secretion was increased 
after 70 and 100 µM incubation of AMP-DNM in STC1 cells overexpressing the hT2R16. 
Similarly, PYY was found to be increased after 10, 50 and 70 µM incubation of AMP-DNM 
in STC1 cells overexpressing the T2R118 (see methods Chapter 8), suggesting that PYY 
could also be involved in the satiety effect induced by AMP-DNM.

Figure 1. STC1 cell overexpressing bitter taste receptor PYY secretion after AMP-DNM 
incubation. a) PYY secretion in STC1 cells overexpressing the hT2R16. b) PYY secretion in 
STC1 cells overexpressing the T2R118.

The enzyme di-peptidyl peptidase IV (DPP-IV) belongs to the family of exopeptidases, a 
class of proteolytic enzymes. On the one hand, it cleaves off the two NH2 groups from 
the active form of GLP1 (7-36) to generate GLP1 (9-37), which is considered the inactive 
form of GLP1 (JJ., 2007 ). On the other hand, it participates in the conversion of PYY (1-
36) to PYY (3-36), which is the predominant active form of circulating PYY (Karra E, 2009 
). DPP-IV inhibitors have been widely used in the treatment of obesity and diabetes (Neff 
LM, 2010 ). Thus we evaluated the DPP-IV activity in plasma of ZDF rats or diet induced 
obese (DIO) mice after infusion of AMP-DNM (we utilized the Sigma DPP- IV activity as-
say, for experimental details of AMP-DNM infusion see methods Chapter 8). AMP-DNM 
increased plasma DPP-IV activity in both obese models (ZDF and DIO), a similar increase 
was  observed in GLP1 receptor KO mice, suggesting that the increment in activity is not 
dependent on the GLP1 receptor (Figure 2a, 2b). The results indicate a complex mecha-
nism involving AMP-DNM- induced GLP1 and PYY release, probably via AMP-DNM acting 
on taste receptors in the gut. At the same time (via a currently unknown mechanisms) 
AMP-DNM increases plasma DPP-IV activity, which will increase even further the active 
PYY plasma concentrations. The satiety effect induced by AMP- DNM might be the re-
sult of a synergistic effect between GLP1 and PYY, such an interaction between these 
two peptides has also been suggested for other physiological effects, like GLP1-induced 
insulin secretion (Gautier-Stein A, 2013 ) and the PYY-induced improvements of glucose 
tolerance (Chandarana K, 2013 ). We further evaluated DPP-IV activity in the brainstem 
of ZDF rats. Contrary to what was seen in plasma, DPP-IV activity was decreased after 
AMP-DNM intragastric infusion (Figure 2c). As shown in Chapter 8 GLP1 was increased 
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in the brainstem after AMP-DNM consumption. Brainstem GLP1 neurons project to the 
hypothalamus to decrease food intake (Baggio, 2014). We hypothesize that the decrease 
in DPP-IV activity in brainstem might be causing less degradation of active GLP1 in brain-
stem, which will enhance further the brain action of GLP1 to increase satiety via a hypo-
thalamic mechanism.

Figure 2. DPP-IV activity in obese rodents ad-
ministered with AMP-DNM. a) Plasma DPP-IV 
activity of DIO wt or hypothalamic specific GLP1 
receptor KO (GLP1rf/f Nkx2.1) fed with vehicle or 
AMP-DNM. b) Plasma DPP-IV activity of ZDF rats 
before and after repeated intragastric adminis-
tration of vehicle or AMP-DNM. c) DPP-IV activity 
in brainstem of ZDF rats after repeated intragas-
tric administration of vehicle or AMP-DNM.

In conclusion, we showed that AMP-DNM acts at different levels in the body to regulate 
metabolism, which makes it extremely attractive for metabolic syndrome interventions 
(Figure 3). Further research should be performed to elucidate the different mechanisms 
involved in the  beneficial effects induced by AMP-DNM. Molecular candidates like 5’ 
AMP-activated protein kinase (AMPK) or mammalian target of rapamycin (mTOR) are of 
main interest due to their nature as energy sensors in the cell and their involvement in 
the regulation of many anabolic and catabolic molecular pathways regulating cell energy 
metabolism (Efeyan A, 2015). Additionally, the exact role of AMP-DNM in modulating 
glycosphingolipid metabolism in the brain and its effects on metabolic outputs should be 
investigated. A possible interaction between glycosphingolipid content and endocrine 
actions should not be discarded, as similar interactions have been shown for ceramide 
and different hormones, like adiponectin or leptin in regulating insulin sensitivity and 
satiety (Bikman BT, 2011 ).
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Figure 3. Proposed mechanisms mediating AMP-DNM beneficial metabolic effects in 
obese rodents. AMP-DNM interacts with bitter receptors located in L-cells in the intes-
tine. The L-cells secrete GLP1/PYY to the circulation and to the intestinal lumen where 
they bind to the GLP1 receptor and Y2 receptors respectively at the vagal peripheral 
nerve terminals. The stimulation of vagal terminals might activate GLP1 neurons in the 
brainstem which will secrete GLP1 to the hypothalamus. Simultaneously the circulating 
PYY and GLP1 can bind to GLP1 receptor and Y2 receptors in the hypothalamus to de-
crease food intake and increase sympathetic output to the BAT. AMP-DNM also stimu-
lates peripheral DPP-IV activity and decreases brainstem DPP-IV activity, which further 
increases peripheral PYY conversion to its active form and GLP1 stability at the brain.
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In conclusion, the present thesis illustrates how sugar analogues can be useful tools 
for fundamental research and are meaningful candidates to be applied in the clinic, as 
alternative interventions to treat LSDs and metabolic syndrome. A main role for the 
brain in mediating the potent effects of the distinct sugar analogues analyzed in the 
thesis, motivates the development of future research and more specific brain/periphery 
interventions to modulate different metabolic needs involved in neuropathy and brain 
control of energy metabolism.
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