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1 The e�ects of the potent 5-hydroxytryptamine (5-HT) and noradrenaline reuptake inhibitor
(serotonin-noradrenaline reuptake inhibitor, SNRI), sibutramine, on the cumulative food intake of
freely-feeding male Sprague-Dawley rats during an 8 h dark period were investigated and compared to
those of the selective 5-HT reuptake inhibitor (selective serotonin reuptake inhibitor, SSRI), ¯uoxetine;
the selective noradrenaline reuptake inhibitor, nisoxetine; the 5-HT and noradrenaline reuptake
inhibitors, venlafaxine and duloxetine; and the 5-HT releaser and 5-HT reuptake inhibitor,
(+)-fen¯uramine.

2 Sibutramine (3 and 10 mg kg71, p.o.) and (+)-fen¯uramine (1 and 3 mg kg71, p.o.) produced a
signi®cant, dose-dependent decrease in food intake over the 8 h dark period. These responses became
apparent within the ®rst 2 h following drug administration.

3 Fluoxetine (3, 10 and 30 mg kg71, p.o.), and nisoxetine (3, 10 and 30 mg kg71, p.o.) had no
signi®cant e�ect on food intake during the 8 h dark period. However, a combination of ¯uoxetine and
nisoxetine (30 mg kg71, p.o., of each) signi®cantly decreased food intake 2 and 8 h after drug
administration.

4 Venlafaxine (100 and 300 mg kg71, p.o.) and duloxetine (30 mg kg71, p.o.) also signi®cantly
decreased food intake in the 2 and 8 h following drug administration.

5 The results of this study demonstrate that inhibition of 5-HT and noradrenaline reuptake by
sibutramine, venlafaxine, duloxetine, or by a combination of ¯uoxetine and nisoxetine, markedly reduces
food intake in freely-feeding rats and suggest that this may be a novel approach for the treatment of
obesity.

Keywords: Sibutramine; monoamine reuptake inhibition; serotonin-noradrenaline reuptake inhibitor (SNRI); 5-hydroxytrypta-
mine; noradrenaline; food intake

Introduction

Sibutramine hydrochloride (BTS 54 524; N-{1-[1-(4-chloro-
phenyl)cyclobutyl]-3-methylbutyl}-N,N-dimethylamine hydro-
chloride monohydrate; Reductil; Meridia) is a potent
5-hydroxytryptamine (5-HT) and noradrenaline reuptake in-
hibitor in vivo (Buckett et al., 1988; Luscombe et al., 1989). It
therefore belongs to a new class of drugs called the serotonin-
noradrenaline reuptake inhibitors or SNRIs. Sibutramine has
been demonstrated to produce dose-dependent, long-lasting
weight reduction in obese patients (Weintraub et al., 1991;
Ryan et al., 1995) and is currently being developed as a drug
for the treatment of obesity. Animal studies have shown that
sibutramine reduces body weight by a dual mode of action, viz.
it decreases food intake in rats by enhancing satiety (Fantino &
Souquet, 1995; Halford et al., 1995; Stricker-Krongrad et al.,
1995) and increases energy expenditure by stimulating ther-
mogenesis (Connoley et al., 1995; 1996).

This study explores the relative contribution of 5-HT and
noradrenaline reuptake inhibition to the decrease in food in-
take induced by sibutramine by comparing its hypophagic ef-
fects with those of the selective 5-HT reuptake inhibitor
(selective serotonin reuptake inhibitor, SSRI), ¯uoxetine
(Wong et al., 1995); the selective noradrenaline reuptake in-
hibitor, nisoxetine (Fuller et al., 1975; Wong & Bymaster,
1976); the 5-HT and noradrenaline reuptake inhibitors, ven-
lafaxine (Holliday & Ben®eld, 1995) and duloxetine (Wong et
al., 1993) and the 5-HT releaser and 5-HT reuptake inhibitor,
(+)-fen¯uramine, which is used clinically in the treatment of
obesity (Davis & Faulds, 1996).

Some of the results of this study have previously been
published in abstract form (Jackson et al., 1996b).

Methods

Animals and environment

Experiments were performed on male Sprague-Dawley rats
(350 ± 500 g at the start of the experiment) which were ob-
tained from Charles River (Margate). Animals were individu-
ally-housed in polypropylene cages with metal grid ¯oors at a
temperature of 21+18C and 55% humidity. Polypropylene
trays were placed below each cage to detect any food spillage.
Animals were maintained on a reverse phase light-dark cycle.
Lights were o� from 09h 00min to 17h 00min during which
time the laboratory was illuminated by a red lamp. Animals
had free access to a standard powdered rat diet (Compound
Rat and Mouse Diet, Special Diet Services, Witham, Essex)
and tap water at all times. The powdered diet was contained in
glass feeding jars (10 cm diameter; 8 cm deep; Solmedia La-
boratory Supplies, Romford) with aluminium lids. Each lid
had a hole (3 cm diameter) cut in it to allow access to the food.
Spillage of powdered diet from the feeding jars was negligible.
Animals were accustomed to these conditions for at least two
weeks before experimentation began.

Experimental procedures

On the test day, animals were randomly allocated to four
treatment groups containing 6 ± 8 rats. All procedures began at
09h 00min and food intake was monitored over the dark phase
since animals consume most of their food intake during the
nocturnal period. Feeding jars were weighed (to the nearest
0.1 g on a Sartorius top-pan balance) at the time of drug ad-
ministration and after 2 and 8 h. The 8 h reading was taken
immediately before the lights came on at 17h 00min. Each
experiment included a vehicle-treated control group and 3
drug-treatment groups. The food intake of animals in the four
di�erent groups was monitored concurrently. Variations in1Author for correspondence.
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body weight were accounted for by expressing the results as
g kg71 rat weight (treatment group means+s.e.mean). Rats in
the weight-range used in this study would normally eat 15 ±
20 g over the 8 h dark period, i.e. 30 ± 50 g kg71. Animals were
then divided into groups at random and re-used in the feeding
studies after a wash-out period of at least 72 h.

Drugs

Sibutramine hydrochloride (BTS 54 524), ¯uoxetine hydro-
chloride, venlafaxine hydrochloride and duloxetine hemioxa-
late were synthesized at Knoll Pharmaceuticals Research &
Development (Nottingham). (+)-Fen¯uramine hydrochloride
and nisoxetine hydrochloride were purchased from Research
Biochemicals International (St Albans, U.K.). Sibutramine,
venlafaxine, nisoxetine and (+)-fen¯uramine were dissolved in
deionized water. Duloxetine was suspended in 0.25% cellosize
(hydroxethyl cellulose) and ¯uoxetine was dissolved in deio-
nized water minimally acidi®ed with glacial acetic acid. All
drug doses are expressed as the salt and drugs were adminis-
tered p.o. in a dose volume of 1 mg kg71.

Statistical analysis

Statistical comparisons between the food intake of the di�erent
treatment groups were made by one-way analysis of variance
followed by the Dunnett's multiple comparisons test (two-
tailed). ED50 values (the dose of drug required to reduce food
intake to 50% of control levels) were calculated from a logistic
sigmoid curve with maximum at the control mean and mini-
mum at 0. The curve was ®tted by least squares (Marquardt's
compromise method) by use of the computer programme
PROC NLIN in SAS.

Results

E�ect of sibutramine and (+)-fen¯uramine on food
intake

Sibutramine (3 and 10 mg kg71, p.o.) and (+)-fen¯uramine (1
and 3 mg kg71, p.o.) produced a signi®cant, dose-dependent
decrease in food intake over the 8 h dark period (Figure 1a and
b, respectively). These responses became evident within the
®rst 2 h following drug administration.

E�ect of ¯uoxetine and nisoxetine, alone and in
combination, on food intake

Fluoxetine (3, 10 and 30 mg kg71, p.o.) and nisoxetine (3, 10
and 30 mg kg71, p.o.) had no signi®cant e�ect on cumulative
food intake during the dark period (Figure 2a and b, respec-
tively). However, a combination of ¯uoxetine and nisoxetine
(30 mg kg71 of each, p.o.) signi®cantly decreased food intake 2
and 8 h after drug administration (Figure 2c).

E�ect of venlafaxine and duloxetine on food intake

Food intake was signi®cantly decreased 2 and 8 h following
administration of the SNRIs, venlafaxine (100 and
300 mg kg71, p.o.; Figure 3a) and duloxetine (30 mg kg71,
p.o.; Figure 3b).

Comparison of the potency of sibutramine, (+)-
fen¯uramine, venlafaxine and duloxetine to reduce food
intake

The doses of sibutramine, (+)-fen¯uramine, venlafaxine and
duloxetine reducing food intake to 50% of control levels (ED50

values) 2 and 8 h after drug administration are shown in Table
1. Sibutramine was 3 ± 6 times less potent than (+)-fen¯ura-
mine; 4 ± 5 times more potent than duloxetine and nearly 30
times more potent than venlafaxine.

Discussion

The major ®nding of this study is that inhibition of both 5-HT
and noradrenaline reuptake, either by administration of sibu-
tramine, venlafaxine or duloxetine, or by combined adminis-
tration of ¯uoxetine and nisoxetine, produces a marked
decrease in food intake in the rat. These ®ndings are in ac-
cordance with results showing that both 5-HT and noradre-
naline play important roles in the regulation of food intake (for
review see Rowland et al., 1996).

The dose-related decrease in food intake induced by sibu-
tramine in the present study con®rms other data on the hy-
pophagic e�ects of this compound in normal (Fantino &
Souquet, 1995; Halford et al., 1995) and genetically-obese
(Stricker-Krongrad et al., 1995) rats. Sibutramine decreases
food intake in rats at doses that inhibit reuptake of noradre-
naline and 5-HT, as shown in a variety of behavioural and
biochemical tests (Buckett et al., 1988; Luscombe et al., 1989).
Its hypophagic e�ects would therefore appear to be related to
its inhibition of noradrenaline and 5-HT reuptake with the
subsequent activation of monoamine receptors. In support of
this hypothesis, the hypophagic e�ects of sibutramine are in-
hibited by a1-adrenoceptor, b1-adrenoceptor and 5-HT2A/2C

receptor antagonists (Jackson et al., 1996a), although neither
sibutramine, nor its two amine metabolites, which are thought
to be primarily responsible for its pharmacological e�ects in
vivo (Luscombe et al., 1989), exhibit any direct a�nity for a1-
adrenoceptors, b1-adrenoceptors or 5-HT2A/2C receptors (S.C.
Cheetham, personal communication).

In the present study, sibutramine induced a similar decrease
in food intake to (+)-fen¯uramine over the 8 h dark period.
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Figure 1 E�ect of (a) sibutramine and (b) (+)-fen¯uramine on food
intake in the rat. Results are expressed as treatment group means for
groups of 6 ± 8 animals; vertical lines represent s.e.mean. Signi®cant
di�erences from control values are denoted by *P50.05 and
**P50.01.
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However, the e�ects of sibutramine on the 5-HT system can be
clearly di�erentiated from those of (+)-fen¯uramine. Sibu-
tramine inhibits the reuptake of 5-HT into presynaptic nerve

terminals (as described above). Microdialysis studies in con-
scious rats have shown that it produces a small, prolonged
increase in 5-HT in the hypothalamus (Gundlah et al., 1996;
Prow et al., 1996) ± a brain area known to play an integral part
in the control of food intake. In contrast, (+)-fen¯uramine is a
potent 5-HT releasing agent (Mennini et al., 1981; 1985; Fuller
et al., 1988) and although it also inhibits 5-HT reuptake, this
property is unlikely to contribute to its e�ects on food intake.
It is a much weaker 5-HT reuptake inhibitor than ¯uoxetine in
vitro (Garattini et al., 1989; Cheetham et al., 1993) and does
not inhibit 5-HT reuptake in vivo (Fuller et al., 1988). Micro-
dialysis studies have shown that (+)-fen¯uramine produces a
marked and rapid increase in extracellular 5-HT in rat hypo-
thalamus maximal 40 min after drug administration (Prow et
al., 1996), although this ability of (+)-fen¯uramine to increase
5-HT availability may not necessarily underlie its e�ects on
food intake (see recent review by Curzon et al., 1997).
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Figure 2 E�ect of (a) ¯uoxetine, (b) nisoxetine and (c) a
combination of ¯uoxetine and nisoxetine on food intake in the rat.
Results are expressed as treatment group means for groups of 6 ± 8
animals; vertical lines represent s.e.mean. Signi®cant di�erences from
the vehicle-treated control group are denoted by **P50.01.
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Figure 3 E�ect of (a) venlafaxine and (b) duloxetine on food intake
in the rat. Results are expressed as treatment group means for groups
of 6 ± 8 animals; vertical lines represent s.e.mean. Signi®cant
di�erences from control values are denoted by *P50.05 and
**P50.01.

Table 1 Comparison of the hypophagic e�ects of sibutra-
mine, (+)-fen¯uramine, venlafaxine and duloxetine in the
rat

ED50 values and 95% con®dence
intervals (mg kg71, p.o.)

Time (h)
Treatment 2 8

Sibutramine
(+)-Fen¯uramine
Venlafaxine
Duloxetine

2.8 (1.6 ± 5.0)
1.0 (0.4 ± 2.2)

±
15.2 (7.5 ± 30.7)

5.7 (3.0 ± 11.1)
1.0 (0.6 ± 1.5)

158 (62 ± 402)
21.9 (17.0 ± 28.4)

The ED50 value for venlafaxine at 2 h could not be
determined as the e�ects of venlafaxine on food intake were
not dose-dependent.
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The lack of e�ect of oral administration of ¯uoxetine, at a
dose that inhibits 5-HT reuptake in vivo (Jackson et al., 1995),
on food intake in freely-feeding animals was perhaps not
surprising. A large number of other workers have shown hy-
pophagic e�ects of ¯uoxetine in animals (e.g. Goudie et al.,
1976; Dumont et al., 1981; Wong et al., 1988; Garattini et al.,
1992; Halford & Blundell, 1996; Lightowler et al., 1996).
However, in these studies, ¯uoxetine was administered i.p. in
relatively high doses (510 mg kg71) and/or the e�ects of
¯uoxetine on food intake were examined in animals on food-
deprivation schedules ± models which do not mirror the clin-
ical situation and which are extremely sensitive to agents which
suppress food intake via either direct e�ects on appetite or
non-speci®c behavioural disruption due to the high levels of
food intake of control animals. Data on the e�ects of ¯uoxe-
tine on food intake in man are also controversial. It has been
shown to produce weight loss in some studies (Ferguson &
Feighner, 1987; Levine et al., 1987; Pijl et al., 1991; Wise, 1992;
Goldstein et al., 1994; Lawton et al., 1995) although, in gen-
eral, high doses were required to produce this e�ect, i.e. two ±
three times greater than those used to treat depression. In other
cases, ¯uoxetine was found to be inactive (FernaÂ ndez-Soto et
al., 1995), or paradoxically, to produce hyperphagia and
weight gain (Fogelson, 1991; Gualtieri, 1991). It therefore
appears that selective 5-HT reuptake inhibition per se is not a
suitable pharmacological strategy for producing an e�cacious
anti-obesity agent.

The noradrenaline reuptake inhibitor, nisoxetine, also failed
to alter food intake in rats following oral administration. The
behavioural e�ects of this compound in vivo have not been
extensively studied. However, it is active in the rat Porsolt test,
an animal model which can be used to predict antidepressant
action and which is sensitive to monoamine reuptake inhibi-
tors such as imipramine (Paul et al., 1990). Furthermore, ni-
soxetine has been shown to produce a small, transient
hypophagic response in severely (42 h) food-deprived animals
(Wong et al., 1993).

In contrast, to their lack of e�ect on food intake when
given alone, a combination of ¯uoxetine and nisoxetine pro-
duced a marked hypophagic response which was similar in
magnitude to that produced by the highest dose of sibutra-
mine. The most parasimonious explanation for the decrease in
food intake produced by the combination of ¯uoxetine and
nisoxetine is that it is due to inhibition of both 5-HT and
noradrenaline reuptake. However, it has recently been sug-

gested that ¯uoxetine may act independently of 5-HT (Curzon
et al., 1997), therefore this hypothesis needs to be con®rmed
with the more selective 5-HT reuptake inhibitor, sertraline,
and either monoamine-depleting agents or monoamine re-
ceptor antagonists. Further studies are also required to rule
out the possibility that pharmacokinetic drug interactions
may have resulted in elevated brain levels of ¯uoxetine or
nisoxetine and hence e�ects on food intake. Little is known
about the metabolism of nisoxetine in the liver or its e�ects on
drug-metabolizing enzymes. However, it has a similar struc-
ture to ¯uoxetine, which has been shown to inhibit several
members of the cytochrome P450 isoenzyme system (Lane,
1996).

The decrease in food intake induced by venlafaxine and
duloxetine supports the concept that inhibition of both 5-HT
and noradrenaline reuptake reduces food intake in rats. The
e�ects of these compounds on food intake in animals or man
have not been widely studied although duloxetine has been
shown to reduce food consumption in food-deprived rats
(Katoh et al., 1995). Both venlafaxine and duloxetine are de-
scribed as 5-HT and noradrenaline reuptake inhibitors or
SNRIs, although they appear to have a small degree of selec-
tivity for 5-HT, over noradrenaline, reuptake (5 and 3 fold,
respectively; Bolden-Watson & Richelson, 1993; Wong et al.,
1993; Kasamo et al., 1996). In contrast, sibutramine is an
equipotent 5-HT and noradrenaline reuptake inhibitor in vivo
(Luscombe et al., 1989). The potent hypophagic e�ects of si-
butramine in relation to duloxetine, and particularly venla-
faxine, are consistent with the potencies of these compounds in
the Porsolt test and in other behavioural models of monoa-
mine reuptake inhibition, including antagonism of reserpine-
induced hypothermia and ptosis (Buckett et al., 1988; Lus-
combe et al., 1989; Yardley et al., 1990; Katoh et al., 1995;
H.C. Jackson, unpublished observations).

In conclusion, this study demonstrates that inhibition of
both 5-HT and noradrenaline reuptake, either by adminis-
tration of sibutramine, venlafaxine or duloxetine, or by
combined administration of ¯uoxetine and nisoxetine, pro-
duces a marked decrease in food intake in the rat. These
results suggest that drugs which inhibit the re-uptake of
both 5-HT and noradrenaline may be e�cacious anti-obesity
agents. In this context, clinical trials have shown that sibu-
tramine produces dose-dependent, long-lasting weight re-
duction in obese patients (Weintraub et al., 1991; Ryan et
al., 1995).
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