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Abstract

The anti-obesity effect of the serotonin and noradrenaline reuptake inhibitor sibutramine has been attributed to a dual mechanism involving a
reduction of food intake and an increase in energy expenditure. This dual action increases the possibilities for induction of a negative energy
balance, the principal goal of an anti-obesity treatment. To elucidate the mechanism behind sibutramine-induced increase in energy expenditure,
we applied indirect calorimetry combined with monitoring locomotor activity and body temperature. We confirm that sibutramine has both
anorectic and thermogenic effects. In addition, we show here that sibutramine also causes a dose-dependent increase in locomotor activity (LMA)
of rats, occurring in parallel with increase in energy expenditure. The dose of sibutramine necessary to induce an effect on locomotion and energy
expenditure was only marginally higher than the dose sufficient to induce a significant reduction of food intake. The relation between LMA and
energy expenditure was similar to that found with D-amphetamine, which causes both hyper-locomotion and increased energy expenditure, but
was different from 2,4-dinitrophenol which causes increase in energy expenditure but not in locomotion. The effect of sibutramine (20 mg/kg) on
energy expenditure was not inhibited by the non-selective 5-HT receptor antagonist, metergoline (1 mg/kg), or a high dose (20 mg/kg) of the non-
selective β-blocker propranolol, but was blocked by D1 dopamine receptor inhibitor SCH 23390 (0.3 mg/kg). Therefore, we conclude that the
effect of sibutramine on energy expenditure in rats is predominantly due to a dopamine-dependent increase in locomotor activity.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The serotonin (5-HT) and noradrenaline (NA) re-uptake inhi-
bitor sibutramine, which is marketed in the United States as
Meridia® and inmany other countries as Reductil®, has a weight-
reducing effect in rodents and humans (for review see (Finer,
2002; Luque andRey, 2002; Nisoli and Carruba, 2000). Presently,
sibutramine is one of the few compounds that are approved by
FDA for chronic treatment of obesity.
Abbreviations: LMA, locomotor activity; DNP, 2, 4-dinitrophenol; 5-HT, 5-
hydroxytryptamine; NA, noradrenaline; SCH 23390, [R]-(+)-chloro-2,3,4,5-
tetrahydro-5-phenyl-1 H-3benzazepin-al hemimaleate; M1, M1, secondary
amine metabolite of sibutramine; M2, M2, primary amine metabolite of
sibutramine.
⁎ Corresponding author. Tel.: +45 44434394; fax: +45 44424486.
E-mail address: vgo@novonordisk.com (V. Golozoubova).
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The effect of the compound, and its two active metabolites,
desmethylsibutramine (M1) and didesmethylsibutramine (M2), is
thought to be due to a dual mechanism: a reduction of energy
intake by increasing satiety/decreasing hunger, and an increase in
energy expenditure (reviewed in e.g. (Luque and Rey, 2002)).

The sibutramine-dependent reduction of food intake is well
established (Brown et al., 2001; Casado et al., 2003; Jackson et al.,
1997). However, the thermogenic effect of sibutramine and its
relative contribution to drug-induced weight loss has not been
extensively examined. Although it has been demonstrated that
sibutramine increase energy expenditure in rats in a dose-
dependent manner (Connoley et al., 1999; Liu et al., 2002a)
relatively little is known about the mechanisms underlying this
effect.

An increase in energy expenditure can be due to an increase in
obligatory/facultative thermogenesis, a direct effect. It can also be
a consequence of an increase in physical activity, an indirect
effect. The sibutramine-induced increase in energy expenditure
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may be due to either one or by both of these mechanisms, since
both serotonin and noradrenaline systems are important regulators
of both thermogenesis and locomotion.

In support of facultative thermogenesis as the reason of
increased energy expenditure, Connoley et al. (1999) observed
that the sibutramine-induced increase of energy expenditure
was inhibited by a combination of high doses of β-
adrenoreceptor antagonists. In addition, glucose utilization in
brown adipose tissue was massively (18-fold) increased in rats
exposed to sibutramine, indicating a high level of metabolic
activity in this tissue. This suggests that sibutramine induces
thermogenesis in brown adipose tissue by stimulation of
noradrenaline release from sympathetic nerve terminals.

On the other hand, Glick et al. (2000) demonstrated that
treatment with sibutramine or with either of its two metabolites
results in a significant increase in locomotor activity (LMA) in
rats, suggesting that heat production could be the result of a
behavioural response. It was not established however, whether
this increase in LMA represents only an acute response to the new
environment, a “novelty stress”, which is an inherent feature of
this test, or if there is a sustained effect of the compound on
locomotor activity.

The present study was performed to elucidate whether
sibutramine-induced increase in locomotor activity contributes
to the overall increase in energy expenditure caused by the
compound.

2. Methods

2.1. Animals

Studies were conducted employing male Sprague–Dawley
rats obtained from a local supplier (Moellegaard Breeding &
Research Center A/S, Denmark). Animals were kept under 12/
12 L/D cycle in temperature controlled rooms (21–22 °C). All
experiments were conducted under ethical permit issued by the
Danish Animal Experiments Inspectorate and followed the
ethical guidelines established by Novo Nordisk A/S. Ethical
standards are consistent with Council Directive 86/609/EEC of
The Council of the European Communities and European
Convention for the Protection of Vertebrate Animals used for
Experimental and Other Scientific Purposes.

2.2. Compounds

Sibutramine hydrochloride was custom-synthesised by
Chem Pacific, USA (batch No. CHP 1101011), and its purity
was checked by HPLC. 2, 4-dinitrophenol (DNP), noradrena-
line bitartrate (Arterenol) D, L-propranolol and metergoline were
from Sigma (Sigma-Aldrich Denmark, Copenhagen, Denmark);
D-amphetamine and SCH 23390 were from Sigma-RBI (Sigma-
Aldrich Denmark, Copenhagen, Denmark). All compounds that
were administrated orally (sibutramine, DNP, D-amphetamine,
metergoline) were dissolved in distilled water. All compounds
administrated intraperitoneally (noradrenaline, propranolol) or
subcutaneously (SCH 23390) were dissolved in sterile 0.9%
saline.
2.3. Locomotor activity (LMA) in a novel environment.

The plastic activity cages (28×28×35 cm, open on top) were
equipped with two movement detection frames (Ellegaard
Systems A/S, Faaborg, Denmark). The first frame was placed at
a height of ca. 1 cm, detecting movements in the “X–Y ” axis for
recordings of locomotion; the second frame was placed at the
height of ca. 12 cm, detecting “vertical activity” for recordings
of rearing. Four infrared-activated photo-cell senders/receivers
placed on the side of the cage were located on each of the two
frames, and the system was connected to an electronic event
recorder. Motility (X–Y axis) and rearing were counted when
photo-beam interruptions were longer than 50 ms. To avoid
effects of external factors, the cages were placed in closed
ventilated containers, equipped with a light source (measured
light intensity 2.6 lux). About 2 h before the start of each
experiment, rats were transferred to the laboratory and different
doses of sibutramine were administrated orally, 1 h before
commencement of measurements. Recordings were started
immediately after the rats had been placed into the activity
chambers. Photo-beam interruptions were recorded for the
entire 30 min session, comprising three 10-min intervals (0–10,
10–20, and 20–30 min). For some of the doses, the observation
time was extended for up to 4 h.

2.4. Energy expenditure (EE)

Energy expenditure (oxygen consumption) was measured by
indirect calorimetry (Oxymax equal flow system, Columbus
Instruments, Columbus, U.S.A.). The system was calibrated
daily, before the start of measurements. The temperature in the
chambers was 22–22.5 °C. Oxygen consumption was calculat-
ed per metabolic weight (live weight in kg0.75).

Animals were weighed and placed into metabolic chambers
with constant ventilation (flow 1.8 l/min). In the chambers, rats
had free access only to water. After an adaptation period of
2.5 h, animals received vehicle or sibutramine, and measure-
ments continued for 3 h. After this, animals were returned to
their home-cages. Antagonists and vehicle were administrated
after 2.5 h adaptation, 30 min (unless otherwise indicated) prior
to sibutramine/water and measurement continued for 4–6 h
post-dosing.

For parallel measurements of oxygen consumption and
activity, the Oxymax system was used in combination with
either photo-cell locomotor activity recording system (Auto-
matik Partner APS, Kastrup, Denmark), or, in experiments
performed with rats in which telemetry senders had been im-
planted, with telemetry system (DSI, St. Paul, MN U.S.A.).

In the photo-cell system, three senders/receivers were placed
on the long side of each Oxymax chamber, and one on the short.
The frame carrying the photo cells was placed at a height of
about 3 cm above the floor of the chamber. Oxymax data, and
cumulative count of photobeam interruptions (X–Y axis only)
were collected for each 14.5-min interval.

When the telemetry system (DSI, St. Paul, MN U.S.A.) was
used, data of locomotor activity and core temperature were
collected every 1 min or every 2.4 min. For locomotor activity,
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average locomotion was further recalculated per interval
corresponding to oxygen consumption measurements. Parallel
measurements of oxygen consumption were performed with a
sampling interval of 9 or 12 min. Senders, suitable for recording
of locomotor activity and core body temperature in rats (type
TA-F40, DSI, St. Paul, MN U.S.A.) were tested and implanted
into the abdominal cavity under isofluran anaesthesia at least
two weeks before the measurements. Immediately before the
operation, and for 3 days after the operation, rats also received
nonsteroidal anti-inflammatory drug rimadyl (caprofen, Pfizer
ApS, Ballerup, Denmark) in a dose of 5 mg/kg. Once implanted,
the senders were turned on and allowed to stabilize for at least
24 h before the start of the recording. Occasional values of
higher than 20 counts/min (for activity), and occasional values
above 40 °C and below 35 °C (for the temperature) were
regarded as electrical noise and were filtered out.

2.5. Food intake

The acute effect of sibutramine on food intakewasmeasured in
schedule-fed rats. Rats were placed two and two per cage with a
plastic separator in between, so that rats had physical contact with
each other, but were not able to reach each other's food. Rats were
trained to consume food between 9.00 and 14.30 h (food available
ad lib during this time interval but not at other times) for 2 weeks
before the start of experiment. During this training period, rats
were accustomed to handling and dosing. One day before the
experiment, rats were weighed and allocated to weight-matched
groups (n=10). During the experiment, vehicle (water) or sibu-
tramine (3, 10 and 20 mg/kg) was given orally at 8.00 h. Pre-
weighed foodwas given at 9.00 h, and was collected and weighed
again at 14.30 h.

2.6. Chronic effect of sibutramine

Chronic effects of sibutramine were measured in ad libitum fed
rats. Rats, placed two and two per cage with a plastic separator in
between (as described in Section 2.5), were divided in 2 weight-
matched groups, and received sibutramine orwater once daily, 1.5 h
before lights were turned off. Food intake and body weight were
Fig. 1. Locomotor activity (A) and rearing (B) in a novel environment. Rats (n=8 per
— triangles, 10 mg/kg— squares, 20 mg/kg— rhombs, 30 mg/kg— circles) 1h bef
for details). Data were collected over three 10 min periods. ⁎ pb0.05, one-way-AN
measured daily. After 11 days of treatment, 4 rats from each group
were placed into metabolic chambers, and received sibutramine
after 2.5 h of adaptation. Effects on energy expenditure and loco-
motor activity were followed for 3 h post-dosing with a sampling
interval of 21.75 min.

2.7. Statistical analysis

Unless otherwise indicated, one-way ANOVA followed by
Dunnett's multiple comparison test was used.

3. Results

3.1. Effect of sibutramine on spontaneous locomotor activity in
a novel environment

Sibutramine elicited a pronounced effect on LMA in rats
exposed to novel environment in activity cages (Fig. 1). Both
locomotion count (Fig. 1A) and rearing (Fig. 1B) were increased.

Within the first 10min in the chamber, the period duringwhich
the reaction to the “novelty” of the environment was the strongest,
LMA of sibutramine-treated rats did not differ much from control
animals (Fig. 1). During the two following time intervals, 10–20
and 20–30min, exploratory activity of control rats decreased and,
consequently, their LMAcountswere lower than during the initial
10 min in the chambers. In contrast to control rats, rats given
sibutramine remained active during these time intervals, and their
LMA counts were consequently much higher compared with
control rats. This effect was clearly dose-dependent. The activity
of rats, treated with 3mg/kg, did not differ from control rats at any
time-point, whereas the rats that received 10, 20 or 30 mg/kg,
were increasingly active (Fig. 1). Additional test with 3 doses, 3,
10 and 20mg/kg showed that this increase in locomotor activity in
response to the higher doses of sibutramine was sustained, and the
difference between groups was statistically significant after at
least 4 h, while a dose of 3 mg/kg had no effect at any time (not
shown). Taken together, these data indicate that although
sibutramine treatment does not enhance the immediate reaction
to novel environment, treatment with the compound results in a
sustained increase of locomotor activity.
group) received vehicle (empty circles) or sibutramine (filled symbols: 3 mg/kg
ore they were placed into the novel environment activity chambers (see Methods
OVA followed by Dunnett's multiple comparison test.
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3.2. Effects of sibutramine on locomotor activity, energy expen-
diture and body temperature in rats habituated to metabolic
chambers

To address the questions of whether the effect of sibu-
tramine on locomotor activity was sustained also in the ani-
mals habituated to the environment, rats were allowed to pre-
adapt to the metabolic chambers (Oxymax system) for 2.5 h
before receiving vehicle or sibutramine. Also, in this setting,
where the “novelty factor” was reduced to a minimum, a clear
increase in locomotor activity was observed (Fig. 2A). The
effect appeared ca. 30 min after compound administration,
and was dose-dependent. No effect was seen with 3 mg/kg,
some increase was observed with 10 mg/kg, and massive
effects were seen with 20 and 30 mg/kg. When calculated as
total activity during 3 h after compound administration, the
effect of 20 and 30 mg/kg was statistically significant. About
3–4 h post-dosing, some of the rats receiving 20 mg/kg, and
all the rats receiving 30 mg/kg showed signs of anxiety and
behavioural abnormalities. They were constantly moving,
overreacted to touch, some of the rats treated with 30 mg/kg
even showed signs of stereotypic behaviour. The dose 30
mg/kg was therefore omitted from further tests.

Sibutramine induced a clear dose-dependent increase in
energy expenditure (Fig. 2B). As with LMA, no effect was
seen in rats receiving 3 mg/kg, some increase was observed
with 10 mg/kg, and a significant effect (calculated as area
under the curve for the 3h post-dosing period) was seen in rats
receiving 20 or 30 mg/kg. Similar to locomotor activity, the
response started to be pronounced ca. 30 min after compound
administration. Thus, the time-schedule and dose-dependence
of the sibutramine effect on LMA and energy expenditure
were virtually the same.

Rectal temperature was measured before administration of
sibutramine, and at the end-point of experiment, 3 h after
dosing. As expected, an increased energy expenditure and
locomotor activity were accompanied by a dose-dependent
increase in rectal temperature (not shown).
Fig. 2. Parallel measurements of locomotor activity (A) and energy expenditure (B) in
vehicle (empty circles) or sibutramine (filled symbols: 3 mg/kg — triangles, 10 m
indicated by the arrow. Recording of energy expenditure was started at the time-point
is shown); recording of activity was initiated at the time-point of injection.
3.3. Comparison of the effects of sibutramine, DNP and
amphetamine

Using a combination of Oxymax system and telemetry (DSI
Instruments), the magnitude of the response to sibutramine on
energy expenditure, LMA and core body temperature was
studied in more detail. The effects were compared with the
effects of 2,4-dinitrophenol (DNP), a compound known to
increase mitochondrial thermogenesis (reviewed in Harper et
al., 2001), but not locomotor activity. Effects of D-amphet-
amine, a compound well known to induce massive locomotor
activation (reviewed in Antoniou et al., 1998) were also
compared.

Rats, equipped with telemetry-sensors were allowed to settle
in the chambers for 2.5 h before vehicle, sibutramine (20 mg/kg
p.o.), DNP (20 mg/kg p.o.) or amphetamine (2 mg/kg p.o.) was
administered. According to our experience this dose of
amphetamine is sufficient to induce hyper-locomotion, but is
not high enough to induce stereotypic behaviour.

As expected, dosing per se caused a transient increase in all
of the three parameters measured. However, while the “handling
effect” had disappeared already after about 30–60 min, specific
effects of the compounds were clearly visible at later time-
points (Fig. 3). All three compounds caused a clear, statistically
significant increase in energy expenditure (pb0.05 for amphet-
amine and pb0.01 for DNP and sibutramine; Fig. 3A) and core
body temperature (pb0.01; Fig. 3C). A treatment-specific
increase in locomotor activity was clearly pronounced for D-
amphetamine and sibutramine (pb0.01), but was statistically
insignificant for DNP (Fig. 3B). The small increase in activity
seen in DNP group was primarily associated with drinking.

The maximum effect on energy expenditure of DNP and
amphetamine was comparable, although effect of DNP was
significantly extended. The effect of sibutramine was somewhat
lower, and the response was sustained for a longer time-period.

DNP and D-amphetamine produced an increase in core body
temperature by 0.7–0.8 °C. This increase was well pronounced
already at 60 min following dosing. The equivalent increase in
rats habituated to the chambers (Oxymax system). Rats (n=6 per group) received
g/kg — squares, 20 mg/kg — rhombs, 30 mg/kg — circles) at the time-point
animals were placed in the chambers (only last 40 min of 2.5 h adaptation period



Fig. 3. Effects of DNP, sibutramine and D-amphetamine on energy expenditure (A), locomotor activity (B) and body temperature (C). Rats, carrying telemetry senders
(n=5–6 per group), received (p.o.) vehicle (black empty circles), DNP (20 mg/kg, blue triangles), sibutramine (Sib, 20 mg/kg, red rhombs) or D-amphetamine (Amph,
2 mg/kg, green squares) at the time-point indicated by arrow. Recordings were done for 2h before and 4.5 h after compounds were administrated. Data were collected
every 12 min for energy expenditure; every 2.4 min and recalculated as average over 12 min interval for locomotor activity, and every 2.4 min (only every 5th data
point shown as symbol±SE) for body temperature. In D, average increase in energy expenditure above vehicle level plotted against the increase in locomotor activity
during the corresponding time-period is shown. These data were calculated from results shown in A–B for the period between 25–168 min post-dosing.
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core temperature in response to sibutramine, reaching 0.5 °C,
was observed later and became pronounced after 2.5 h post-
dosing (Fig. 3C).

The method for locomotor activity measurements performed
in the present study was not sufficient to make a precise quan-
tification of calorie expenditure per unit of activity. For that
Fig. 4. Effect of high dose of propranolol on noradrenaline- (A) or sibutramine- (B) in
either saline (empty symbols) or with propranolol (propr, 20 mg/kg i.p., filled symbo
sibutramine (Sib, 20 mg/kg p.o., B), and recording continued for ca. 6 h, data b
administration.
reason, we attempted to correlate average locomotor activity
and energy expenditure of rats during the period of treatment-
specific increase in oxygen consumption. As seen in Fig. 3D,
locomotor activity of D-amphetamine and sibutramine treated
rats was much higher than the activity of either control or DNP-
treated rats during the period of increased energy expenditure.
duced increase in energy expenditure. Rats (4–6 per group) were pre-treated with
ls); ca. 25 min later, rats received either noradrenaline (NA, 2 mg/kg i.p., A) or
eing collected every 12 min. Arrows indicate the time-points of compounds
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Both the sibutramine- and D-amphetamine-induced increase in
energy expenditure coincided with the increase in locomotor
activity.

3.4. The contribution of the β-adrenergic system to sibutra-
mine-induced increase in energy expenditure

In order to estimate the contribution of β-adrenergic receptors
in the thermogenic response to sibutramine, we treated rats with
either saline or with propranolol prior to sibutramine administra-
tion. A high dose (20 mg/kg i.p.) of propanolol was used in order
to inhibit both β1/β2- and β3-adrenergic receptors.

The only effect of propranolol in itself was to reduce the
magnitude of the acute “stress–response” to the injection (Fig. 4).
At any later time-point, the combination of propranolol and water
was indistinguishable from the combination of saline and water
(not shown). As expected, β-adrenergically mediated thermo-
genic effect of the positive control, noradrenaline, was completely
abolished by propranolol pre-treatment (Fig. 4A). Propranolol
inhibited both the LMA-dependent and the presumed LMA-
independent (brown adipose tissue-derived) components of the
response to noradrenaline in rats kept at an ambient temperature of
20–22 °C. However, pre-treatment with propranolol did not pre-
vent either sibutramine-induced increase in energy expenditure
(Fig. 4B) or sibutramine-induced increase in LMA (data not
shown).

The lack of the effect of propranolol on sibutramine-induced
increase in energy expenditure was not due to insufficient amount
of propranolol available in the system at the time-point of the
response initiation (starts ca. 30 min post-dosing): single
administration of 20 mg/kg propranolol was sufficient to com-
pletely inhibit effect of noradrenaline, independently on whether
noradrenaline was given 25 min (Fig. 4A) or 1.3 h after pro-
pranolol (data not shown).

Thus, inhibition of β-adrenergic receptors did not block the
effect of sibutramine on either LMA or energy expenditure.
Fig. 5. Effect of metergoline on sibutramine-induced increase in energy expenditure
metergoline (1 mg/kg p.o.) or water; 45 min later, rats received sibutramine (20 mg/k
Metergoline/Water in black (filled circles), Water/Sibutramine in red (rhombs) and M
administration of water/metergoline; red arrows indicate time-points of water/sibu
continued for 6 h post-dosing, with data collection every 9 min for energy expendit
temperature.
3.5. The contribution of the serotonin system to sibutramine-
induced increase in energy expenditure

To evaluate the contribution of serotonin system, rats were
treated with non-selective 5-hydroxytryptamine receptor
antagonist, metergoline (1 mg/kg) prior to administration of
sibutramine. In itself, metergoline had no effect on energy
expenditure (Fig. 5A) and had a minor effect on body
temperature (Fig. 5B). Pre-treatment with metergoline did not
prevent the sibutramine-induced increase in energy expendi-
ture (Fig. 5A). However, metergoline completely abolished the
sibutramine-induced increase in body temperature (Fig. 5B).

Thus, inhibition of 5-HT receptors did not block the effect of
sibutramine on energy expenditure but had an effect on body
temperature.

3.6. The contribution of dopamine-dependent locomotor
activity to the sibutramine-induced increase in energy
expenditure

Stimulation of locomotion is a well established effect of
dopamine ((Missale et al., 1998) and references therein). In
control rats, treatment with SCH 23390, an antagonist for D1-
like family of dopamine receptors, did not cause any major
reduction in either locomotor activity or energy expenditure.
Pre-treatment with SCH 23390, however, completely blocked
sibutramine-induced increase in both locomotor activity and
energy expenditure (Fig. 6).

3.7. Effect of sibutramine on energy expenditure and food
intake

The dose of sibutramine necessary to induce an increase in
energy expenditure/locomotor activity (10 mg/kg, (Connoley
et al., 1999) and the present study (Fig. 2)) was relatively high.
In order to dissociate anorectic and locomotion-stimulating
(A) and body temperature (B). Rats (n=4–5 per group) were pre-treated with
g p.o.) or water. Combinations are shown: Water/Water in black (empty circles),
etergoline/Sibutramine in blue (triangles). Black arrows indicate time-points of
tramine administration. Sib — sibutramine; met — metergoline. Recordings
ure and every minute (only every 9th point is shown as symbol±SE) for body



Fig. 6. Effect of SCH 23390 on sibutramine-induced increase in energy expenditure (A) and locomotor activity (B). Rats (n=4 per group) were pre-treated with SCH
23390 (0.3 mg/kg s.c.) and 25 min later received sibutramine (20 mg/kg p.o., green triangles) or water (p.o., black circles). Positive control (response to sibutramine in
rats pre-treated with saline (s.c.) instead of SCH 23390) is shown in red. Black arrows indicate time-points of administration of water/SCH 23390; red arrows indicate
time-points of sibutramine administration. Recording continued for 6h post-dosing with data collection every 12 min.
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effects of sibutramine, the effects on food intake were measured
in schedule-fed rats with the same doses of sibutramine that
were used in the energy expenditure study.

A low dose of sibutramine which was without effect on
locomotor activity or energy expenditure (Fig. 2), did not cause
any significant reduction of food intake (Fig. 7A). A dose of
10 mg/kg had a clear effect (pb0.001), 24±5% reduction of
food intake and an even higher dose, 20 mg/kg resulted in a
massive 58±5% (pb0.001) reduction of food intake.

The dose of 3 mg/kg did not become more effective with
time: even if dosing continued for 3 days, the effect of this dose
was still not very impressive (Fig. 7B) and did not result in any
change of body weight (not shown).

We conclude that the window between the dose of
sibutramine necessary to significantly reduce appetite and the
dose sufficient to cause an increase of locomotor activity and
energy expenditure is narrow.
Fig. 7. Effect of sibutramine on food intake in schedule-fed rats: A — acute food int
trained to schedule-feeding (see Methods for details) received the indicated doses o
pN0.05.
3.8. Chronic effect of sibutramine

To establish whether the effect of sibutramine on
locomotion/energy expenditure may contribute to long-term
effect of sibutramine, rats were treated with sibutramine
(10 mg/kg) for 11 days. Thereafter, the effect of the compound
on locomotion and energy expenditure was measured. Rather
unexpectedly, the effect of this dose of sibutramine on food
intake was limited to the initial 5 days of treatment (Fig. 8C);
thereafter food intake of sibutramine-treated rats was
indistinguishable from control rats (Fig. 8C). Minor effect
on locomotion (Fig. 8A) and energy expenditure (Fig. 8B)
was still present after 11 days of treatment; the magnitude of
this effect was similar to the effect seen after acute treatment
(Fig. 2). These results suggest that the mechanisms behind the
effects of sibutramine on food intake and energy expenditure/
locomotion differ.
ake; B — total food intake over three days of treatment. Rats (n=10 per group),
f sibutramine p.o. 1h before the start of the feeding session. ⁎pb0.001; n.s. —



Fig. 8. Chronic treatment with sibutramine. Rats (n=10 per group) received water or 10 mg/kg of sibutramine daily for 11 days. On day 12, 4 rats from each group were
placed to metabolic chambers 2.5 h prior to sibutramine dosing, and measurement of energy expenditure and locomotion continued for 3h post-dosing. Locomotor
activity and energy expenditure before and after compound administration on day 12 are shown in A and B, respectively. Effect in the post-dosing period for both
parameters was significant (pb0.05, unpaired t-test). Daily food intake (⁎pb0.01) and change in body weight (pb0.01 on all treatment days, unpaired t-test) of these
rats over the whole treatment period is shown in C and D, respectively. In some points, SEM is smaller than the symbols.
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Body weight was clearly reduced during the initial period
(effect on food intake and on energy expenditure); thereafter it
was maintained on the same level until the last day of treatment
(effect on energy expenditure but not on food intake, Fig. 8D).
Therefore, the effect of this dose of sibutramine on locomotion/
energy expenditure alone does not seem to be sufficient for
continuation of weight loss, as rats remain weight-stable after
food intake returns to the control level.

4. Discussion

In the present study, we have shown that sibutramine causes a
sustained increase in locomotor activity, energy expenditure and
body temperature. These effects were observed following doses
of sibutramine that were in the same range as those necessary to
induce an effect on food intake. The effects on locomotor
activity and energy expenditure were inhibited by pre-treatment
with the dopamine receptor antagonist, SCH 23390, but not by
the non-selective inhibitor of 5-HT receptors metergoline or by a
high dose of the non-selective β-adrenergic receptor antagonist
propranolol. In view of this, the most probable explanation as to
why sibutramine increases energy expenditure in rats is a
dopamine-dependent increase in locomotor activity.

The results of the present study emphasize the principal
importance of locomotor activity measurements in energy ex-
penditure studies. The question of how the increase in energy
expenditure is brought about becomes of particular value in
characterization of the new anti-obesity drug candidates. Direct
correlation of locomotor activity and energy expenditure at the
corresponding time-points is a challenging task from the
technological point of view, still waiting for a satisfactory
resolution. Indeed, both methods of LMA evaluation used in
our study allowed us to conclude that there was an increase in
locomotor activity, and to identify the dose of the compound
necessary to induce such an increase. However, neither of these
methods in their present form allows to quantitatively correlate
energy expenditure (“true” units) and locomotor activity (arbi-
trary units, all movements are registered, but no evaluation of
energy requirements for different types of movements can be
done).

The unexpected observation that the effect of sibutramine on
locomotor activity, and, consequently on energy expenditure,
was dependent not (or not only) on 5-HT or noradrenaline, re-
uptake of which sibutramine is the inhibitor of, but on
dopamine, is, in fact in agreement with literature data. Several
authors have shown that sibutramine and its metabolites are re-
uptake inhibitors not only of serotonin and noradrenaline, but
also of dopamine (Rowley et al., 2000; Balcioglu and
Wurtman, 2000; Glick et al., 2000). However, relatively high
doses of sibutramine were necessary to induce an increase in
extra neuronal dopamine levels (6 mg/kg i.p., (Rowley et al.,
2000) or to enhance the net flux of dopamine from rat striatal



525V. Golozoubova et al. / Pharmacology, Biochemistry and Behavior 83 (2006) 517–527
and hypothalamic neurons in vivo (5 or 10 mg/kg i.p. but not at
2 mg/kg i.p., (Balcioglu and Wurtman, 2000).

Although the dopamine system was clearly important for
stimulation of locomotor activity, and hyper-locomotion is a well
established dopamine-dependent behaviour, other systems may
also be involved. The interplay of adrenergic, 5-HTand dopamine
systems in regulation of sibutramine-induced increase in energy
expenditure, locomotor activity and body temperature needs
further elucidation. The fact that bupropion, a weak monoamine
reuptake inhibitor selective for dopamine and noradrenaline, but
inactive against 5-HT, has an effect on energy expenditure and
colonic temperature in rats comparable to the effect of M2, the
major pharmacologically active metabolite of sibutramine (Liu et
al., 2002a), shows the importance of adrenergic and dopaminergic
systems.On the other hand, Liu et al. (2002b) has shown that non-
selective 5-HT receptor antagonist, metergoline, partially pre-
ventedM2-induced increase in body temperature, which suggests
a contribution of the 5-HTsystem as well. In the present study, we
also observed inhibition of sibutramine-induced increase in body
temperature by metergoline. However, metergoline pre-treatment
did not prevent the sibutramine-induced increase of energy ex-
penditure. Thus, there is a clear distinction between effects of this
inhibitor on body temperature and on energy expenditure. One
possible explanation of this could be that metergoline causes a
general reduction of body temperature by e.g. increased
vasodilatation, without stimulating a compensatory increase in
energy expenditure. Indeed, metergoline in itself had a body
temperature-reducing effect, marginal in our study (core body
temperature measured), muchmore substantial in the study of Liu
et al. (colonic temperature measured, (Liu et al., 2002b)).

The β-adrenergic system does not seem to be involved in
mediation of acute effect of sibutramine on energy expenditure
and locomotor activity since neither of these effects were
blocked by a high dose of non-selective β-blocker propranolol,
which at the dose used acts as an inhibitor of β1, β2 and β3
adrenergic receptors. Indeed, the same dose of propranolol
completely abolished the thermogenic effect of our positive
control compound, noradrenaline, independent on whether
noradrenaline was given 20 min or 1.3 h after propranolol. The
lack of inhibition of sibutramine-induced thermogenesis
cannot therefore be explained by either inactivity of propran-
olol, or by its short period of action. Although our results are
somewhat unexpected in view of the original report by Conno-
ley et al. (1999), in which β3-adrenergically mediated, brown
adipose tissue-derived thermogenesis was suggested to be the
main source of the thermogenic effect of sibutramine, our
conclusion is supported by a later publication from the same
group (Liu et al., 2002b). In that study, it was shown that a high
dose of propranolol only to a minor extent could counteract
M2-induced colonic temperature increase. A possible expla-
nation for the discrepancy in the results is pharmacological: in
the study of Connoley et al. (1999), not propranolol, but a
combination of high doses of β1-selective (atenolol, 20 mg/kg)
and β2-selective (ICI 118551, 20 mg/kg) antagonists was used.
The selectivity of this combination, given at such a high dose, is
low, and may therefore affect other receptors, possibly α2-
adrenoreceptors, involved in regulation of brain monoami-
nergic function by inhibiting neuronal firing and release of
noradrenaline, 5-HT and dopamine (Lahdesmaki et al., 2003).

The pharmacological profile of the effect of sibutramine on
energy expenditure (dopamine, but not noradrenaline and not 5-
HT) allows some predictions on the mechanisms of heat pro-
duction. One important conclusion is that acute thermogenic
response to sibutramine treatment does not originate in brown
adipose tissue. Indeed, inhibition of β-adrenergic receptors, the
main regulators of brown adipose tissue-derived thermogenesis,
did not prevent or even reduce thermogenic response to sibu-
tramine. In addition, there was no difference in the magnitude of
the thermogenic response measured at thermoneutral tempera-
ture (Connoley et al., 1999) and at room temperature (present
study). This would not be expected for a brown adipose tissue-
derived thermogenesis. In animals, acclimatized to the temper-
ature below thermoneutral, the effect should be smaller when
measured at the acclimation temperature, than measured at
thermoneutral temperature where thermogenic capacity of the
tissue is already partially or completely utilized.

On the other hand, the observation that dose-dependence,
time of action and response to inhibitors are identical for effects
on locomotor activity and energy expenditure allows us to
suggest that a significant part of the increase in energy
expenditure is the consequence of increased locomotion.

Although our conclusion that locomotor activity, and not
brown adipose tissue-derived thermogenesis, is the main
determinant of sibutramine-induced acute increase in energy
expenditure may be somewhat unexpected, our data do not
contradict the literature. Glick et al. (2000) have shown that
locomotor activity of naïve rats was increased after sibutramine
treatment; also in this study, the difference between the dose
causing a significant reduction of food intake (5 mg/kg i.p.), and
the dose stimulating locomotor activity (10 mg/kg i.p.) was
minimal.

An ability to increase energy expenditure is usually regarded
as a beneficial quality for the appetite-reducing drugs. In a
number of studies (Keesey and Corbett, 1990; Lazzer et al.,
2004; Stock, 1989; Zwiauer et al., 1992), it was demonstrated
that reduction of food intake/body weight is often associated
with a reduction in energy expenditure as well, thus reducing the
efficiency of weight-loss attempts. However, benefits of an
increase in energy expenditure by means of restlessness is
questionable, and should perhaps be regarded as a side-effect. In
this respect, it would be desired that anorectic and locomotor
effects of sibutramine could be separated. The dose of
sibutramine necessary for acute inhibition of food intake in the
present study (10 mg/kg) is higher than the doses (1–5 mg/kg)
reported to be sufficient to cause a significant weight loss in
obese mice and rats (Day and Bailey, 1998; Levin and Dunn-
Meynell, 2000; Nakagawa et al., 2000; Stricker-Krongrad et al.,
1995). However, it was found, that older rats with higher fat
content were more sensitive to sibutramine than were younger
rats with a lower carcass fat content (Strack et al., 2002), and
higher dose of sibutramine is necessary to induce a significant
reduction of food intake in lean, healthy animals compared to
genetically obese or diet-induced obese rats (Stricker-Krongrad
et al., 1995). In lean, growing animals, ED50 for the inhibition of



526 V. Golozoubova et al. / Pharmacology, Biochemistry and Behavior 83 (2006) 517–527
24 h food intake was reported to be approximately 5–8 mg/kg
(Stock, 1997). In addition, we show that in contrast to obese
animals, sibutramine-induced reduction of food intake in lean
animals is sustained for only 5 days. It is important to note that
sibutramine still has an effect on food intake at later time-points:
the termination of treatment with the compound results in
overeating and fast return to the initial body weight. The
existence of such difference between lean and obese animals
stresses the importance of the use of the same type of animals
(either lean or obese) both in efficacy studies and for side-effect
profiling of the new anti-obesity drug candidates.

Unlike the effect on food intake, the effect of sibutramine on
locomotion/energy expenditure was sustained and possibly
enhanced due to increased thermogenic capacity of brown
adipose tissue upon chronic treatment (Giordano et al., 2002)
after 11 days of treatment. At this point in time, food intake of
rats treated with sibutramine was the same as food intake of
control rats. Since body weight was also stable by then, the only
possible contribution of somewhat increased energy expendi-
ture to the overall energy balance would be prevention of the
reduction of energy expenditure typical for starved animals.

Clinical data are not sufficient to allow a conclusion on
whether a sibutramine-induced increase of energy expenditure
as observed in the present study exists in humans, and if it does,
whether this is associated with “restlessness”. Indeed, reports
exist that sibutramine induces an increase in energy expenditure
(Hansen et al., 1998), has no effect on energy expenditure
(Seagle et al., 1998; Starling et al., 2001), or that it prevents
weight-loss associated decline in energy expenditure (Hansen et
al., 1999). More data is needed to clarify this issue.

In the present study, we compared sibutramine to the
compound that induce high level of energy expenditure without
or almost without increase in locomotor activity (e.g. DNP), and
compounds that cause an increase in both energy expenditure
and locomotor activity (D-amphetamine (Bushnell and Gordon,
1987)). From this comparison, it is clear that in the case of
sibutramine, the relation between activity and energy expendi-
ture is more amphetamine-like, rather than DNP-like. More
compounds and more detailed, preferably quantitative, charac-
terization are necessary to use such relation as a tool of selection
of successful drug candidates.
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