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Obesity and its associated conditions such as type 2 diabetes mellitus are major causes of
morbidity and mortality. The iminosugar N-(5-adamantane-1-yl-methoxy-pentyl)-
deoxynojirimycin (AMP-DNM) improves insulin sensitivity in rodent models of insulin
resistance and type 2 diabetes mellitus. In the current study, we characterized the impact of
AMP-DNM on substrate oxidation patterns, food intake, and body weight gain in obesemice.
Eight ob/ob mice treated with 100 mg/(kg d) AMP-DNMmixed in the food and 8 control ob/ob
micewereplaced inmetaboliccagesduringthefirst, third,andfifthweekoftheexperiment for
measurementofsubstrateoxidationrates,energyexpenditure,activity,and food intake.Mice
were killed after 6 weeks of treatment. Initiation of treatment with AMP-DNM resulted in a
rapid increase infatoxidationby129%(P=.05),adecrease incarbohydrateoxidationby35%(P=
.01), andareduction in food intakebyapproximately26% (P< .01) comparedwithcontrolmice.
Treatment with AMP-DNMdecreased hepatic triglyceride content by 66% (P < .01) and, in line
with the elevated fat oxidation rates, increased hepatic carnitine palmitoyl transferase 1a
expression. Treatment with AMP-DNM increased plasma levels of the appetite-regulating
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peptide YY compared with control mice. Treatment with AMP-DNM rapidly reduces food
intake and increases fat oxidation, resulting in improvement of the obese phenotype. These
features of AMP-DNM, together with its insulin-sensitizing capacity, make it an attractive
candidate drug for the treatment of obesity and its associatedmetabolic derangements.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

As the incidence of obesity and its associated morbidities,
such as type 2 diabetes mellitus, increases, the search for new
treatment modalities to combat these conditions continues.
Decreasing caloric intake and increasing physical activity are
effective in improving obesity, hypertension, insulin resis-
tance, and dyslipidemia [1-4]. However, the positive effect of
these dietary and lifestyle interventions is often short-lasting
because permanent changes in lifestyle and diet are hard to
achieve [5,6]. Moreover, weight reduction obtained by low-
caloric diets induces adaptations in energy metabolism,
resulting in a lower resting energy expenditure (EE) [7,8]. If
caloric intake is subsequently increased again, fat mass may
rapidly increase [9,10]. The emphasis in the treatment of
those patients that fail to acquire or maintain weight loss
should therefore be on pharmacological interventions aimed
at persistent weight loss and the reduction of obesity-
associated pathologies.

Obesity and type 2 diabetes mellitus are associated with
diminished responsiveness to insulin. Insulin resistance leads
to impaired glucose and fat homeostasis; results in damage of
organs such as the liver and pancreas due to exposure to
inappropriately high insulin, glucose, and fatty acid concen-
trations [11,12]; and is an independent risk factor for
cardiovascular mortality [13]. Moreover, obesity may affect
substrate oxidation patterns. In lean individuals, glucose is
preferentially oxidized in the fed state and fat in the fasted
state. This ability to switch between carbohydrate and fat
oxidation, in relation to nutritional status, is referred to as
metabolic flexibility; and this flexibility is impaired in the obese,
insulin-resistant state [14]. Reduced fat oxidation contributes
to ectopic fat accumulation, for instance, in liver and muscle,
further reducing insulin sensitivity [15]. Improvement of
insulin sensitivity is therefore essential for reduction of the
negative consequences of obesity.

Ectopic lipid accumulation results in reduced responsive-
ness to insulin by the formation of specific lipid metabolites
that interfere with insulin signalling [16]. Sphingolipids are
one class of lipids involved in the induction of insulin
resistance. The simplest sphingolipid, ceramide, is formed
from palmitoyl-CoA and serine by the enzyme serine-palmi-
toyltransferase; and the availability of palmitoyl-CoA is rate
limiting for ceramide synthesis [17]. From ceramide, glyco-
sphingolipids and subsequently the more complex ganglio-
sides can be formed. Increased availability of the free fatty
acid (FFA) palmitate and low-grade inflammation in obesity
enhance the synthesis of sphingolipids and gangliosides
[18,19]. Ceramide interferes with insulin signaling at the
level of PKB-Akt, reducing the metabolic actions of insulin
[18,19]. The ganglioside GM3, when present in abundance, is
thought to hamper phosphorylation of the insulin receptor,
resulting in reduced responsiveness to insulin [20,21].
Reduction of sphingolipid synthesis restores insulin sen-
sitivity in mouse models for insulin resistance and type 2
diabetes mellitus [22-24]. The iminosugar N-(5-adamantane-
1-yl-methoxy-pentyl)-deoxynojirimycin (AMP-DNM) reduces
glucosylceramide and subsequent ganglioside synthesis and
improves both peripheral and hepatic insulin sensitivity [23].
Subsequent studies showed that this drug also improves
adipocyte function, reduces inflammation, and ameliorates
hepatic steatosis in insulin-resistant genetically obese ob/ob
mice [25,26]. In these studies, a reduction in body weight gain
upon treatment with a relatively high dose of 100 mg/kg/d
AMP-DNM was noted [25,26]. The cause of this reduced body
weight gain and the course of the metabolic effects of AMP-
DNM administration in time have not been reported so far. To
monitor the kinetics of the effect of AMP-DNM onmetabolism
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 (FI), energy homeostasis, and activity.
In this study, we show that treatment with AMP-DNM rapidly
increases fat oxidation, reduces carbohydrate oxidation, and
decreases FI. These changes result in a sustained lower body
weight in the AMP-DNM–treated animals.
2. Methods

2.1. Animals, diets, and indirect calorimetry

Experiments were all approved by the ethics committee for
animal experiments of the AcademicMedical Center or Leiden
University Medical Center. Leptin-deficient ob/ob mice (C57Bl/
6J background), 6 weeks old, were purchased from Charles
River Laboratories (Maastricht, the Netherlands). Before the
start of the experiments, the animals were housed in a
temperature-controlled room on a 12:12-hour light-dark cycle
for 2 weeks. They were fed ad libitumwith 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 fiber, and 4.5% minerals.

Indirect calorimetry measurements were performed as
described previously [27-29]. In short, in the first experiment,
16 mice were subjected to individual indirect calorimetry
measurements (Comprehensive Laboratory Animal Monitor-
ing System, Columbus Instruments, Columbus, OH) for 4
consecutive days duringweeks 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. Food and water were available ad libitum
during the whole experiment, and intake was analyzed every
10 seconds. In the first week, after 38 hours of basal
measurements, 8 mice were switched (without disruption of
calorimetricmeasurements) to food containingAMP-DNMat a
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dose of approximately 100 mg/kg body weight per day.
Voluntary physical activity was measured in real time as
infrared beam breaks in x and z direction. Experimental
analysis started at 9:00 AM and continued for 72 hours. Oxygen
consumption (VO2) and carbon dioxide production rate (VCO2)
measurements were performed at intervals of approximately
5minutes throughout the whole period. Respiratory exchange
rate (RER) as a measure for metabolic substrate choice was
calculated as the ratio between VCO2 and VO2. Carbohydrate
and fat oxidation rates were calculated according to Perronnet
and Massicote [30] using VO2/VCO2 values. Total EE was
calculated from the sum of carbohydrate and fat oxidation.

Body weight was measured at the beginning of the first,
third, and fifth week and at the end of the experiment.
Temperature was measured rectally, and blood glucose
concentration was determined with a handheld meter
(Accu-Check; Roche Diagnostics, Mannheim, Germany) at
the end of the first, third, and fifth week upon exiting the
metabolic cages. On day 37 (week 6), mice were weighed; and
blood glucose and hemoglobin A1c concentrations (A1Cnow;
Metrika, Sunnyvale, CA) were determined. Subsequently,
mice were fasted for 4 hours and anesthetized by intraper-
itoneal injection with a combination of 6.25 mg/kg acetylpro-
mazine (Sanofi Santé Nutrition Animale, Libourne Cedex,
France), 6.25 mg/kg midazolam (Roche, Mijdrecht, the Neth-
erlands), and 0.31 mg/kg fentanyl (Janssen-Cilag, Tilburg, the
Netherlands). Tissues were quickly removed and imme-
diately placed in liquid N2 and stored at −80°C until further
analysis. EDTA plasma was stored at −20°C. Duration of the
experiment was chosen based on previous studies showing
effects in ob/ob mice on body weight and insulin sensitivity
after 4 and 5 weeks of treatment with 100 mg/kg body weight
per day AMP-DNM [25,26].

In the second experiment, 12 ob/ob mice were fasted for
4 hours. Subsequently, a single dose of 100mg/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 first experiment.

In a third experiment, 6 ob/obmicewere treated for 5 weeks
with a daily dose of 100 mg/kg body weight of AMP-DNM by
gavage; and 6 control mice received vehicle (water) daily by
gavage. Mice were group housed according to treatment, and
FI was measured per cage of 6 mice approximately every 3
days (days 3, 7, 10, 14, 21, 24, 28, and 35 of treatment).

2.2. Plasma and tissue biochemical analysis

Plasma insulin concentrations were determined by enzyme-
linked immunosorbent assay (Crystal Chem, Downers Grove,
IL). Colorimetric enzymatic kits were used for the measure-
ments of plasma and liver triglyceride concentrations
(Human, Wiesbaden, Germany) and plasma FFA concentra-
tions (Wako Chemicals, Neuss, Germany). Total plasma
peptide YY (PYY) concentrations (PYY 1-36 and PYY 3-36)
were measured using a commercially available kit (Phenix
Pharmaceuticals, Burlingame, CA). To correlate liver lipid
values, the protein content of the liver was measured using
the bicinchoninic acid 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 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 derivatized with O-phtaldehyde reagent and
separated using the high-performance liquid chromatography
method as described earlier [31].

Part of the EDTA blood from the second experiment was
directly mixed with 1 mol/L perchloric acid and stored on
ice for at least 10 minutes. After centrifugation, the
supernatant was neutralized using 2 mol/L KOH and 0.5
mol/L 2-(N-morpholino) ethanesulfonic acid. Metabolite
concentrations were measured in the neutralized superna-
tant 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. β-Hydroxybutyrate was measured
using β-hydroxybutyrate dehydrogenase.

2.3. Gene expression in liver and muscle

Total RNA was extracted from approximately 50 mg frozen
tissues using Trizol reagent (Invitrogen, Breda, the Nether-
lands). For complementary DNA synthesis, RNA was treated
with RQ1 RNase-free DNase (Promega, Leiden, the Nether-
lands) and reverse transcribed with SuperScript II Reverse
Transcriptase and random hexamers (Invitrogen). The real-
time polymerase chain reaction (PCR) measurement of
individual complementary DNAs 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). The PCR primers were designed on the basis of
Primer Express 1.7 software (Applied Biosystems, Nieuwer-
kerk a/d IJssel, the Netherlands). The expression data were
normalized by calculating the ratio with cyclophilin B (Ppib), a
housekeeping gene.

2.4. 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 FI. Data were generated for the light period
between 7:00 AM and 7:00 PM and for the dark period between
7:00 PM and 7:00 AM. 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. Significance was set at P < .05.
3. Results

3.1. Exposure to AMP-DNM rapidly increases fat
oxidation and decreases carbohydrate oxidation

Leptin-deficient ob/ob mice (n = 8) were exposed to 100 mg
AMP-DNM/kg body weight per day mixed in food for 5 weeks.
In parallel, control ob/ob mice (n = 8) received identical food
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without AMP-DNM. In accordance with earlier studies
[23,25,26], AMP-DNM was well tolerated and caused no overt
adverse effects, as further strengthened by the equal activity
levels in treated and untreated animals throughout the
experiment (Fig. 1D and Supplemental Figure 1). Before
treatment initiation, RER, EE, activity, and FI (Fig. 1) were
comparable in both randomized groups.

Exposure to AMP-DNM rapidly decreased the RER (dark
period: AMP-DNM 0.88 ± 0.07 vs control 0.95 ± 0.05, P = .03;
light period: AMP-DNM 0.84 ± 0.08 vs control 0.92 ± 0.06, P =
.04), indicating an increase in the relative fat to carbohy-
drate oxidation ratio (Fig. 1B, Table 1). The RER remained
lower during the third week of treatment (dark period: AMP-
DNM 0.84 ± 0.05 vs control 0.93 ± 0.05, P < .01; light period:
AMP-DNM 0.86 ± 0.04 vs control 0.93 ± 0.05, P < .01). During
the first 2 days of exposure to AMP-DNM, total fat oxidation
was higher in AMP-DNM–treated animals during both the
dark period (AMP-DNM 0.16 ± 0.09 vs control 0.07 ± 0.06
kcal/h, P = .05) and the light period (AMP-DNM 0.19 ± 0.10 vs
A

C

Time

Time

Fig. 1 – Initiation of treatment with AMP-DNM results in rapi
selection (B) and total EE (C), without changes in activity (D). Lines
8 control mice (black lines). Vertical lines indicate start of AMP-DN
(12 hours) and white areas the light periods (12 hours).
control 0.10 ± 0.08 kcal/h, P = .08) (Table 1). The high fat
oxidation rate in the treated animals was maintained
during the third (dark period: AMP-DNM 0.18 ± 0.0 kcal/h;
light period: AMP-DNM 0.19 ± 0.06) and fifth week (dark
period: AMP-DNM 0.15 ± 0.06 kcal/h; light period: AMP-DNM
0.16 ± 0.05) of treatment (Table 1).

In agreement with the lower RER, carbohydrate oxida-
tion was markedly lower in AMP-DNM–treated animals
during the first week (dark period: AMP-DNM 0.28 ± 0.12 vs
control 0.43 ± 0.08 kcal/h, P = .01; light period: AMP-DNM
0.20 ± 0.34 vs control 0.34 ± 0.09 kcal/h, P = .01) and third
week (dark period: AMP-DNM 0.26 ± 0.07 vs control 0.42 ±
0.08 kcal/h, P = .01; light period: AMP-DNM 0.20 ± 0.10 vs
control 0.39 ± 0.08 kcal/h, P < .01) of the experiment
(Table 1). During the fifth week of the experiment,
substrate oxidation rates were no longer different between
the treated and control animals. Dark-period and light-
period RER did not differ significantly between treated and
control animals (dark period: AMP-DNM 0.86 ± 0.05 vs
B

D

Time

Time

d reduction in FI (A) and in changes in metabolic substrate
represent the mean values in 8 treated mice (gray lines) and
M treatment. Black lines under the x-axis represent the dark



Table 1 – Oxidative metabolism and FI data of control and AMP-DNM–treated animals

Week 1 Week 3 Week 5

AMP-DNM Control AMP-DNM Control AMP-DNM Control

RER dark 0.88 ± 0.07 0.95 ± 0.05 ⁎ 0.84 ± 0.05 0.93 ± 0.05 † 0.86 ± 0.05 0.87 ± 0.04
RER light 0.84 ± 0.08 0.92 ± 0.06 ⁎ 0.86 ± 0.04 0.93 ± 0.05 † 0.90 ± 0.04 0.90 ± 0.04
FAox dark 0.16 ± 0.09 0.07 ± 0.06 ⁎ 0.18 ± 0.0 0.10 ± 0.07 ⁎ 0.15 ± 0.06 0.17 ± 0.07
FAox light 0.19 ± 0.10 0.10 ± 0.08 0.19 ± 0.06 0.10 ± 0.07 ⁎ 0.16 ± 0.05 0.20 ± 0.07
CHox dark 0.28 ± 0.12 0.43 ± 0.08 ⁎ 0.26 ± 0.07 0.42 ± 0.08 † 0.37 ± 0.09 0.43 ± 0.10
CHox light 0.20 ± 0.10 0.34 ± 0.09 ⁎ 0.20 ± 0.08 0.39 ± 0.08 † 0.25 ± 0.08 0.34 ± 0.09
EE dark 0.44 ± 0.06 0.50 ± 0.05 ⁎ 0.43 ± 0.06 0.52 ± 0.04 † 0.52 ± 0.08 0.60 ± 0.05 ⁎

EE light 0.39 ± 0.05 0.45 ± 0.04 ⁎ 0.40 ± 0.07 0.45 ± 0.03 † 0.41 ± 0.08 0.54 ± 0.05†

FI 8.02 ± 0.61 10.9 ± 1.47† 8.07 ± 1.18 11.83 ± 1.08 † 8.39 ± 1.13 9.88 ± 1.72 ⁎

Values are presented asmean ± SD for 8mice in each group. Values for FI are the total grams of food consumed during the final 48 hours of each
period in the metabolic cages. Respiratory exchange rate, glucose and fat oxidation rates, and EE are the mean values of all measurements
during either the dark or light period in themetabolic cages. Fat oxidation rate, carbohydrate oxidation rate, and EE are expressed in kilocalories
per hour; FI is expressed in grams per 48 hours. FAox indicates fat oxidation rate; CHox, carbohydrate oxidation rate.
* P < .05.
† P < .01.
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control 0.87 ± 0.04, P = 1.00; light period: AMP-DNM 0.90 ±
0.04 vs control 0.90 ± 0.04, P = .73); and absolute fat
oxidation and glucose oxidation rates were similar in both
groups (Table 1; Supplemental Figure 2).

3.2. Exposure to AMP-DNM decreases FI and total EE

Concomitantly with the changes in substrate oxidation
patterns, FI decreased after initiation of treatment (Table 1).
Total caloric intake was lower in treated compared with
control animals in the first (grams consumed during 48
hours: AMP-DNM 8.0 ± 0.6 vs control 10.9 ± 1.5, P < .01), third
(grams consumed during 48 hours: AMP-DNM 8.1 ± 1.8 vs
control 11.8 ± 1.1, P < .01), and fifth week of treatment
(grams consumed during 48 hours: AMP-DNM 8.4 ± 1.1 vs
control 9.9 ± 1.7, P = .04) (Table 1) (Supplemental Figure 2).
The reduction in FI was confirmed in a separate experiment,
where FI was monitored every 3 days for a period of 5
consecutive weeks (Fig. 3B).

Total EE was lower in treated animals during the first
(dark period: AMP-DNM 0.44 ± 0.06 vs control 0.50 ± 0.05
kcal/h, P = .03; light period: AMP-DNM 0.39 ± 0.05 vs control
0.45 ± 0.04 kcal/h, P = .02) (Fig. 1C), third (dark period: AMP-
DNM 0.43 ± 0.06 vs control 0.52 ± 0.04 kcal/h, P < .01; light
Table 2 –Weight and temperature characteristics of control and

Week 1

AMP-DNM Control AMP

Weight (g) 41.0 ± 2.4 39.9 ± 2.1 43.5
Temperature (˚C) 33.8 ± 3.8 36.8 ± 1.6 36.0
ΔWeight (g) 2.1
ΔWeight (%) 5.0

Values are presented as mean ± SD for 8 mice in each group. Body weigh
weight at the start of the experiment.
† P < .01.
period AMP-DNM 0.40 ± 0.07 vs control 0.45 ± 0.03 kcal/h,
P < .01), and fifth week of treatment (dark period: AMP-DNM
0.52 ± 0.08 vs control 0.60 ± 0.05 kcal/h, P = .02; light period:
AMP-DNM 0.41 ± 0.08 vs control 0.54 ± 0.05 kcal/h, P < .01)
(Table 1; Supplemental Figure 2). Total animal activity did
not differ between the treatment groups at any point during
the entire experiment, confirming that treatment with AMP-
DNM did not result in malaise (Supplemental Figure 1).

3.3. Exposure to AMP-DNM decreases body weight gain

Lower body weight gain in the treated animals was noted
during the first 2 weeks (gain as percentage of initial body
weight: AMP-DNM 5.0% ± 5.3% vs control 14.1% ± 1.6%, P < .01)
and the second 2 weeks of treatment (gain as percentage of
initial body weight: AMP-DNM 7.1% ± 6.8% vs control 24.2% ±
4.0%, P < .01) (Table 2). This had not yet resulted in a
significantly lower body weight at the beginning of the third
week of treatment, probably because of a slightly higher body
weight in the treated group at the start of the experiment
(Table 2). At the beginning of the fifth week (Table 2) and at
the end of the experiment (day 37: AMP-DNM 46.2 g vs control
51.3 g, P = .01), body weight was significantly lower in the
treated animals.
AMP-DNM–treated animals

Week 3 Week 5

-DNM Control AMP-DNM Control

± 2.8 45.5 ± 2.3 44.3 ± 3.3 49.5 ± 3.0†

± 0.5 37.1 ± 0.7† 32.5 ± 3.7 36.5 ± 0.8†

± 2.3 5.6 ± 0.6† 3.0 ± 3.1 9.7 ± 2.3†

± 5.3 14.1 ± 1.6† 7.1 ± 6.8 24.2 ± 4.0†

t gain and percentage body weight gain compared with initial body



Table 3 – Blood/plasma parameters 4 hours after gavage of
control and AMP-DNM–treated animals

AMP-DNM Control

Glucose (mmol/L) 12.0 ± 2.3 15.0 ± 3.4
Insulin (ng/mL) 15.5 ± 8.6 9.2 ± 1.9
TG (mmol/L) 0.83 ± 0.12 0.79 ± 0.12
FFA (mmol/L) 0.60 ± 0.20 0.49 ± 0.22
Pyruvate (µmol/L) 109 ± 26 130 ± 40
Lactate (mmol/L) 1.73 ± 0.75 1.38 ± 0.50
β-Hydroxybutyrate (µmol/L) 66 ± 33 54 ± 51

Values are presented as mean ± SD. TG indicates triglyceride.
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Core body temperature did not differ significantly between
both groups after 48 hours of treatment; but at the end of both
the third and fifth week of treatment, it was lower in the AMP-
DNM–treated animals (Table 2).

3.4. Treatment with AMP-DNM improves
glucose homeostasis

From 2weeks of treatment onward, nonfasted plasma glucose
levels were significantly lower in the AMP-DNM–treated
animals. The improved glucose homeostasis upon AMP-DNM
treatment was reflected in lower glucose concentrations
throughout the experiment (glucose at weeks 2, 3, and 6 in
AMP-DNM vs control: 6.8 ± 1.2 vs 10.8 ± 3.7 mmol/L, 6.5 ± 2.0 vs
12.6 ± 5.1 mmol/L, and 6.9 ± 1.1 vs 10.9 ± 2.3 mmol/L; P < .05 for
all comparisons). Furthermore, glycated hemoglobin levels
were significantly lower after 6 weeks of treatment (hemoglo-
bin A1c: AMP-DNM 4.3% ± 0.3% vs control 6.1% ± 0.7%, P < .01),
confirming previously reported data [23,25,26].

3.5. Treatment with AMP-DNM results in upregulation in
β-oxidation genes in liver and reduction hepatic fat content

Given the observation of increased fat oxidation rates in
AMP-DNM–treated ob/ob mice, we decided to study the
expression of genes involved in fatty acid oxidation (carnitine
palmitoyl transferase–1a [CPT-1a], long-chain Acyl-CoA de-
hydrogenase [LCAD], pyruvate dehydrogenase kinase iso-
zyme 4 [PDK-4]) in liver and muscle and the effects of
treatment on liver lipid content. Mice were killed after 5
weeks of treatment with AMP-DNM. We found increased
hepatic expression of CPT-1a (AMP-DNM 0.36 ± 0.13 vs control
Fig. 2 – Long-term treatment with AMP-DNM results in reductio
whereas hepatic ceramide (C) concentration does not change sig
intomitochondria for oxidation, is significantly increased in AMP
(E) and PDK-4 (F) expressions are not significantly changed (all exp
and expression in the control mice). Data presented as mean ± S
0.12 ± 0.06, P < .01) (Fig. 2D), suggesting an increased hepatic
fatty acid oxidation rate in AMP-DNM–treated animals.
Expression of LCAD and PDK-4 in liver was not significantly
affected (Fig. 2E, F).

Expression of the examined fatty acid oxidation genes in
musclewas not changed after 5 weeks of AMP-DNM treatment
(CPT-1a: AMP-DNM 0.15 ± 0.03 vs control 0.23 ± 0.10, P = .09;
LCAD: AMP-DNM 2.4 ± 0.80 vs control 3.1 ± 1.6, P = .37; PDK-4:
AMP-DNM 4.5 ± 2.3 vs control 3.3 ± 0.9, P = .19).

As described previously [22,24], AMP-DNM lowered
glucosylceramide in liver (AMP-DNM 0.11 ± 0.02 vs control
0.27 ± 0.06 nmol/mg protein, P < .01) (Fig. 2B) without
altering ceramide levels (Fig. 2C). Treatment with AMP-
DNM decreased liver triglyceride content by approximately
66% (AMP-DNM 208 ± 64 vs control 614 ± 91 nmol/mg protein,
P < .01) (Fig. 2A), most likely as a result of both the earlier
n in hepatic triglyceride (A) and glucosylceramide (B) content,
nificantly. The CPT-1a expression, regulating fatty acid entry
-DNM–treated comparedwith controlmice (D), whereas LCAD
ression relative to the housekeeping gene cyclophilin B [Ppib]
EM. *P< .01.
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observed decreased lipogenesis [26] and the here observed
increased fat oxidation.

3.6. Four-hour exposure to AMP-DNM does not change
metabolic parameters

A switch from carbohydrate to fat oxidation may be
explained by limitation of the availability of glucose for
oxidation. To study this possibility, groups of 6 ob/ob mice
received AMP-DNM or vehicle by gavage and were killed
after 4 hours. This short-term exposure to AMP-DNM did not
change plasma levels of glucose, insulin, FFAs, and tri-
glycerides and of the intermediate metabolites pyruvate,
lactate, and the ketone β-hydroxybutyrate (Table 3). A
decrease in substrate availability is therefore unlikely to be
the cause of acute effects of AMP-DNM on substrate
oxidation patterns.

3.7. Treatment with AMP-DNM results in increased levels
of the regulatory protein PYY

In search for a mechanism by which AMP-DNM increases fat
oxidation and decreases FI (Fig. 3B), we observed that these
effects are very similar to the effects of PYY. This short protein
is released by L cells in the intestine in response to FI and
decreases appetite and increases fatty acid oxidation. We
therefore speculated that AMP-DNM treatment would in-
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Fig. 3 – Plasma PYY levels after 35 days of treatment were
significantly elevated in the AMP-DNM–treated animals
compared with controls. Food intake was reduced
throughout the experiment. Data presented as mean ±
SEM. *P < .01.
crease plasma levels of PYY; and indeed, after 5 weeks AMP-
DNM treatment, plasma PYY levels were elevated in the
treated compared with control mice (AMP-DNM 0.65 ± 0.10 vs
control 0.43 ± 0.05 ng/mL, P < .01) (Fig. 3A).
4. Discussion

Previous studies on the effect of AMP-DNM treatment in ob/ob
mice showed marked improvement of insulin resistance,
hepatic steatosis, and inflammation [23,25,26]. 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. This change in substrate oxidation pattern did not
merely result from reduced plasma glucose availability or
increased plasma FFA availability because AMP-DNM did not
affect plasma glucose, FFA, or insulin levels after 4 or 36 hours
of treatment. In addition, AMP-DNM immediately reduced FI.
Because this reduction in FI could have been the result of taste
aversion resulting from mixing the compound in the food, we
performed an experiment in which AMP-DNM was adminis-
tered to ob/ob mice in a similar dose by gavage. In the AMP-
DNM–treated mice compared with control mice receiving
water by gavage, a decrease in FI was observed starting the
first days after treatment initiation (Supplemental Figure 3),
indicating an effect of AMP-DNM on FI independent of taste.
These observations, in addition to our previous observation
regarding the insulin-sensitizing effects of AMP-DNM, suggest
that AMP-DNM and related compounds may be relevant
therapeutical approaches to improve the pathophysiology of
obesity and insulin resistance.

During the lastweek of the experiment, substrate oxidation
rates were no longer different between AMP-DNM–treated and
control animals. However, fat oxidation rates did not return to
the level observed before treatment initiation; rather, the fat
oxidation rates in untreated animals increased during the last
2 weeks of the experiment to the level observed in the treated
animals. This was most likely due to the increased obesity
state in the control group. Indeed, the gross expansion of the
fat stores in the control group (+24% body weight compared
with +7% in the AMP-DNM–treated group) would result in
increased fat oxidation [32]. The higher glucose oxidation rates
in the AMP-DNM group possibly reflect the improved insulin
sensitivity. Food intake during the fifth week of treatment was
comparable to the earlier 1- and 3-week treatment, but glucose
oxidation rates were higher. This indicates that the metabolic
flexibility of the treated animals (the switch of the oxidative
response upon carbohydrate intake) is significantly improved.
A greater metabolic flexibility upon a mixed meal intake is
associated with a better insulin sensitivity [14].

It remains to be clarified how the reduction in FI and the
changes in substrate oxidation patterns are related. A
reduction in body weight, as a result of a low-caloric diet, is
associated with an increase in fat oxidation in the fasted state
in some studies, although others report no effect of weight
loss on fatty acid oxidation [14]. In the current study, the
altered substrate oxidation pattern clearly preceded the
reduction in body weight. This points toward effects of AMP-
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DNM on substrate oxidation patterns independent of changes
in body weight.

Treatment with AMP-DNM increased fat oxidation,
reflected by increased hepatic expression of genes involved
in fat oxidation. In accordance with increased fat oxidation
rates, AMP-DNM reduced hepatic steatosis in ob/ob mice. This
inverse relationship between the rate of fat oxidation and the
hepatic accumulation of triglycerides is also supported by
other studies. For instance, tetrladecylthioacetic acid in-
creases β-oxidation by the induction of increased CPT-1
activity, which protects against diet-induced obesity and
insulin resistance, and lowers liver triglyceride content [33].
Conversely, methyl palmoxirate acutely inhibits β-oxidation
by inhibition of CPT-1 activity, which results in increased liver
triglyceride content even within 6 hours [34]. Therefore, the
stimulation of the expression of CPT-1 by AMP-DNM is in line
with the reduction in hepatic triglyceride stores.

Core temperature (as assessed by rectal temperature
measurement) was not significantly different at the end of
the first week of the experiment, but was significantly lower in
the AMP-DNM–treated animals at the end of the third and fifth
week. Ob/ob mice are known to have defective brown adipose
tissue thermogenesis due to their leptin deficiency. As has
been shown in a study by Himms-Hagen [35], this thermo-
genic deficiency is aggravated when FI is restricted, resulting
in low core body temperature. We therefore hypothesize that
the lower core temperature in our treatedmice is secondary to
the reduction in FI. Because this effect of food restriction on
thermogenesis is very pronounced in the ob/ob (leptin-
deficient) model, we speculate that this effect will be much
less prominent in other models or even clinical settings. The
lower core temperature could be an adverse effect of
treatment with AMP-DNM. However, AMP-DNM treatment is
not associated with increased circulating aspartate amino-
transferase\alanine aminotransferase levels [26]. Further-
more, we did not see any reduction in physical activity
levels in AMP-DNM–treated animals compared with controls,
suggesting that AMP-DNM treatment did not result inmalaise.

Four-hour treatment with AMP-DNM did not change blood
glucose, FFA, and intermediate substrate concentrations; nor
did it change expression of genes involved in fatty acid
oxidation in liver and muscle (Supplemental Figure 3). Thus,
the decrease in FI and the increase in fatty acid oxidation are
not secondary to peripheral metabolic effects of AMP-DNM.
This suggests that there may be a direct effect of the
compound on mediators of satiety signals such as intestinal
hormones. In the current study, we found that treatment with
AMP-DNM increased the plasma concentration of one of these
satiety-regulating intestinal hormones, plasma PYY. This
peptide is released by L cells in the intestine in response to
FI. Peptide YY reduces appetite and slows gastric emptying,
most likely because of stimulation of the Y2 receptor in the
hypothalamus [36,37]. Peripheral short- and long-term PYY 3-
36 administration stimulates fatty acid oxidation [38] and
reduces body weight in rodent models of diet-induced obesity
[39]. Thus, the increase in PYY release from the gut in
response to AMP-DNM might explain, at least in part, the
observed effects of AMP-DNM treatment.

The studies described in this article add to our knowledge
of the beneficial effects of iminosugar treatment on obesity
and insulin resistance by showing directs effects of iminosu-
gar treatment on FI and substrate oxidation patterns. Howev-
er, this article does not provide a full mechanistic explanation
of the observed effects. Future studies are needed in which
PYY and other intestinal hormones are measured at different
time points after AMP-DNM treatment, in relation to FI and
substrate oxidations patterns, to confirm the role of satiety
hormones as mediators of the reduced FI induced by AMP-
DNM treatment.

In conclusion, treatment with AMP-DNM rapidly increases
fat oxidation and decreases FI. This is associated with an
increase in PYY release from the L cells in the gut. Prolonged
treatment with AMP-DNM significantly improves glucose
homeostasis and metabolic flexibility and reduces body
weight gain. Furthermore, prolonged treatment with AMP-
DNM reduced hepatic steatosis. Together, this makes AMP-
DNM an attractive candidate for the treatment of obesity and
its metabolic complications.

Supplementary materials related to this article can be
found online at doi:10.1016/j.metabol.2011.05.013.
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