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Sibutramine reduces feeding, body fat and improves insulin
resistance in dietary-obese male Wistar rats independently of
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1 We studied the effects of the novel noradrenaline and serotonin (5-HT) reuptake inhibitor
sibutramine on feeding and body weight in a rat model of dietary obesity, and whether it interacts
with hypothalamic neuropeptide Y (NPY) neurones.

2 Chow-fed and dietary-obese (DIO) male Wistar rats were given sibutramine (3 mg kg~' day~
p.o.) or deionized water for 21 days.

3 Sibutramine decreased food intake throughout the treatment period in both dietary-obese rats
(P<0.0001) and lean rats (P<0.0001). Weight gain was reduced so that final body weight was 10%
lower in dietary-obese (P<0.005) and 8% lower in lean (P<0.05) rats versus their untreated
controls. Plasma leptin concentration was lower in sibutramine-treated dietary-obese rats (P <0.05),
and in treated lean rats (P<0.05). Using the homeostasis model assessment (HOMA) as a measure
of insulin resistance, untreated DIO rats were significantly more insulin resistant than controls
(P<0.005), and this was corrected by sibutramine treatment (P <0.05). Neither hypothalamic NPY
mRNA nor NPY peptide levels in a number of hypothalamic nuclei were significantly altered by
sibutramine compared to untreated controls.

4 The hypophagic and anti-obesity effects of sibutramine in dietary-obese Wistar rats appear not to

1

be mediated by inhibition of ARC NPY neurones.
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Introduction

Sibutramine (BTS 54 524; N-{I1-[1-(4-chlorophenyl)cyclobu-
tyl]-3-methylbutyl}-N,N-dimethylamine hydrochloride mono-
hydrate) is a novel 5-HT and noradrenaline reuptake
inhibitor (SNRI) anti-obesity drug (Stock, 1997), that has
recently been licensed for the treatment of obesity in several
countries. The mechanisms of sibutramine-induced weight
loss are thought to include enhancement of satiety (Halford
et al., 1998) and an increase in thermogenesis (Connoley et
al., 1999; Hansen et al., 1998; McNeely & Goa, 1998).
Sibutramine markedly reduces feeding behaviour and is
effective in inducing weight loss in lean and genetically obese
rodents (Stricker-Kongrad er al., 1995). Moreover, it
improves glucose tolerance and decreases plasma insulin
levels in these animals, implying that sibutramine may
improve insulin sensitivity (Day & Bailey, 1998).
Pre-treatment with 5-HT or noradrenaline antagonists can
partially or completely reverse the hypophagic effect of
sibutramine, indicating that both neurotransmitters are
involved in its pharmacological actions. In addition, fluox-
etine and nisoxetine, which are selective reuptake inhibitors
of 5-HT and noradrenaline respectively, have no effect on
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food intake when given alone, but they profoundly inhibit
food intake when given in combination (equivalent to
sibutramine’s action), demonstrating a synergistic interaction
of those two monoamines in the control of ingestive
behaviour (Jackson et al., 1997a). The use of selective
monoamine antagonists has confirmed that the acute
satiety-inducing effects of sibutramine involves «; and f,
adrenoceptors, as well as SHT. and possibly SHT,, receptors
(Jackson et al., 1997b). Since neither sibutramine nor its two
metabolites exhibit affinity for oy, f; or SHT receptors, the
drug appears to enhance monoaminergic function by
inhibiting noradrenaline and SHT uptake (Heal ez al., 1998).

5-HT acts on the hypothalamus to cause anorexia, weight
loss (Blundell er al., 1995) and increased thermogenesis (Le
Feuvre et al., 1991). A large number of peptides and other
neurotransmitters found in the hypothalamus have effects on
energy balance, including neuropeptide Y (NPY), galanin,
melanocyte stimulating hormone (via the melanocortin-4
receptor) and recently cocaine and amphetamine-related
transcript (CART) (Williams er al., 2000). Evidence exists
to suggest that the anti-obesity actions of serotonin may be
mediated by inhibition of hypothalamic neurones that express
the powerful appetite-stimulating peptide NPY (Dryden et
al., 1996; Rogers et al., 1991), and this study therefore
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focused on the possible involvement of NPY in mediating the
effects of sibutramine on energy balance.

NPY is synthesized in arcuate nucleus (ARC) neurones
that project mainly to the hypothalamic paraventricular
nucleus (PVN) and dorsomedial nucleus (DMN) (Chronwall
et al., 1985; Morris, 1989). These two latter sites are
important integrating centres in the control of energy
homeostasis, and are closely related to the ventromedial
nucleus (VMN) and other sites connected with the sympa-
thetic and parasympathetic nuclei of the brain stem
(Sawchenko et al., 1985). NPY injected into the PVN
induces insatiable hyperphagia (Stanley et al., 1986) and
decreases whole-body energy expenditure by reducing the
sympathetic stimulation of thermogenesis in brown adipose
tissue (BAT) (Billington et al., 1994; Walker & Romsos,
1993); its repeated administration leads to obesity with
hyperinsulinemia and marked insulin resistance (Zarjevski et
al., 1994). Postulated peripheral signals regulating the activity
of NPY hypothalamic neurons include insulin (Schwartz et
al., 1992) and leptin (Vuagnat et al., 1998; Wang et al.,
1997). Centrally, serotonergic neurones in the raphe nucleus
project to the hypothalamus and terminate around the NPY
cell bodies in the arcuate nucleus (ARC) of the hypothala-
mus, and NPY-immunoreactive endings in the paraventri-
cular nucleus (PVN) (Pelletier, 1990). Previous studies have
suggested that some agents that mimic or enhance 5-HT
action and which cause hypophagia and weight loss also
inhibit NPY neuronal activity (Dryden et al., 1996), although
this is not the case for all such agents (Wilding et al., 1992a).
Conversely, drugs that block 5-HT release or antagonize its
action at 5-HT,;g and -C receptors stimulate feeding and
NPY neuronal activity (Dryden et al., 1995). This implies
that serotonin may tonically inhibit the NPY neurones, and
that the latter may mediate the effects of serotonin on energy
homeostasis.

Unlike in rat models the majority of human obesity is
polygenic, and is due to difficulty in regulating intake in the
face of an increased availability of highly palatable foods
and a decline in physical activity (Andersson, 1996). Rats
fed a highly palatable diet develop moderate obesity, which
like most human obesity is associated (at least in younger
animals), with increased food intake, increased thermogen-
esis and insulin resistance (Stock & Rothwell, 1986). We
therefore chose this model for our studies which were
designed to answer the following questions, as to whether
sibutramine is effective at reducing body weight in DIO, and
secondly whether sibutramine improved insulin resistance in
this model and finally whether the effects of sibutramine
were mediated in part by modulation of hypothalamic NPY
neurons.

Methods

Animals

Ninety-six male Wistar rats (150—200 g; A. Tuck and Sons,
Cambridge, U.K.), were randomly allocated into two groups
each containing 48 rats, and housed individually in wire-
bottomed cages in a room maintained at 22°C, on reversed
phase lighting 12 h dark:light cycle (lights on at 0300 h).
Forty-eight rats were fed a highly palatable diet for 12 weeks

which consisted of 33% chow (CRM, Biosure, Cambridge,
U.K.) 33% Nestlé milk (Nestl¢, U.K.), 7% sucrose (Tate &
Lyle, U.K.) and 27% tap water by weight. This diet produces
reliable weight gain over controls, providing 68% of energy
as carbohydrate, 16% as protein and 13% as fat (Wilding et
al., 1992b). The remaining 48 animals had free access to
standard pelleted chow (CRM, Biosure, Cambridge, U.K.),
which provides 76.8% of energy as carbohydrate, 19.2% as
protein and 4.3% as fat.

Treatment procedures

After the 12 weeks of dietary manipulation, 16 animals in
each group were either given sibutramine, pair-fed to match
the intake of sibutramine-treated animals or treated with
vehicle alone. Sibutramine HCI was synthesized at Knoll
Pharmaceuticals (Nottingham, U.K.) and was dissolved in
deionized water, dose volume 1 ml kg=', and was adminis-
tered at 1200 h daily at a dose of 3 mg kg~' day~' p.o. by
gavage for a period of 21 days. This dose has previously
been shown to be effective at reducing food intake in the
rat and reduces food intake by 50% over a 2 h period
(Jackson et al., 1997a). Lean and dietary-obese controls
similarly received an equal volume of deionized water.
Body weight and food intake were measured immediately
before drug administration each day throughout the
treatment period.

At the end of the study, rats were killed by carbon dioxide
inhalation and exsanguinated immediately by cardiac punc-
ture. Plasma was stored at —40°C for subsequent measure-
ment of leptin, insulin and glucose concentrations.
Epididymal and perirenal white adipose tissue along with
gastrocnemius muscle was dissected and weighed, to allow
calculation of fat/lean ratio. All animal procedures were
carried out in accordance with U.K. Home Office regulations,
under the authority of the relevant project licence.

Hypothalamic microdissection

For measurement of NPY mRNA, (»=28 animals per group),
a block of mediobasal hypothalamic tissue was dissected
from a frontal brain slice cut between the middle optic
chiasm and the mammillary bodies. The block extended
laterally to the perihypothalamic nucleus and superiorly to
the anterior commissure; the ARC is the only site containing
significant NPY mRNA levels within these boundaries. The
tissue was immediately snap-frozen in liquid nitrogen and
stored at —80°C until subsequent extraction of RNA.

For measurement of regional hypothalamic NPY levels,
(n=28 animals per group), the brain was rapidly removed and
a block, including the hypothalamus, was removed by vertical
cuts 1 mm anterior to the optic chiasm and immediately
posterior to the mammillary bodies. Subsequently eight
frontal slices of 350—500 um were then cut from the tissue
block, using a vibrating microtome, as previously described
(Bing et al., 1999). The following six selected areas were
microdissected, by punching out with a blunt 18-gauge
needle: PVN, MPO, VMH, DMN, LHA and ARC (including
the median eminence). The tissue from each area in each rat
was pooled and boiled for 10 min in 400 ul of 0.1 M
hydrochloric acid, and the samples were sonicated for 30 s
to disperse the tissue and extract NPY. The extracts were
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frozen at —40°C until assayed for NPY and protein
concentrations.
Assays

Regional hypothalamic NPY concentrations were measured
using an in-house radioimmunoassay (RIA) which employed
12]-labelled porcine NPY (pNPY; Amersham, Buckingham-
shire, U.K.) and pNPY as standard (Bachem Inc, Essex,
U.K.). NPY antiserum raised in our laboratory in a rabbit
against porcine NPY, was used in a final dilution of
1:90,000. The sensitivity of the assay was 2 fmol per tube,
with an intra-assay coefficient of variation (CV) <4.0%.
Samples were measured in duplicate in a single assay. Protein
concentrations in hypothalamic extracts were determined by
a BCA-200 protein assay kit, (Pierce, IL, U.S.A.) and NPY
levels in each region were expressed as fmol per ug protein.

Plasma leptin levels were determined using a RIA kit from
Linco Research (Biogenesis, Poole, Dorset, U.K.), with an
intra-assay CV of 3%. Plasma insulin was measured using an
enzyme-linked immunosorbant assay (ELISA) kit (IDS,
Boldon, Newcastle-upon-Tyne, U.K.) and had a within-assay
CV of <6%. Plasma glucose was measured using a glucose-
oxidase based system (Roche Diagnostics, U.K.).

Measurements of NPY mRNA

Total hypothalamic RNA was isolated from hypothalamic
tissue blocks using the guanidinium thiocyanate phenol-
chloroform method and RNA concentration determined from
the absorbance at 260 nm. Twenty micrograms of total RNA
per sample was applied to a 1% agarose-formaldehyde gel
and separated by electrophoresis. The RNA was transferred
overnight to a neutral-charged membrane (Schleicher and
Schuell, London, U.K.) by capillary blotting and then cross-
linked under u.v. light.

Pre-hybridization was performed at 42°C for 1h in a
buffer containing 50% formamide, 5x SSC, 2% blocking
reagent (Boehringer Mannheim), 0.1% N-lauroylsarcosine,
50 mM sodium phosphate (pH 7.0) and 7% SDS. Hybridiza-
tion was at 42°C overnight in the pre-hybridization solution
with a 42-mer oligonucleotide (R&D Systems, Oxon, U.K.)
which was end-labelled (3" and 5') with digoxigenin at a
concentration of 25 ng ml~'. Post-hybridization washes were
performed as described previously (Trayhurn & Duncan,
1994). The membrane was incubated with an antibody
against digoxigenin (Fab fragment; Boehringer), which was
conjugated to alkaline phosphatase, for 30 min at room
temperature. The membrane was then sprayed with 0.25 mM
chemiluminescence substrate CDP-star (Tropix, MA,
U.S.A)). Signals were obtained by exposure of the
membrane to X-ray film for 30 min at room temperature,
and the 0.9 kb band corresponding to NPY mRNA was
quantified using image-scan densitometry (AIS System,
Imaging Technology, Brock University, St Catherines,
Ontario, Canada).

To check the loading and transfer of RNA during blotting,
the blot was stripped and re-probed for 18S rRNA with a 31-
mer digoxigenin-labelled antisense oligonucleotide at a
concentration of 10 pg/ml, as previously described (Trayhurn
et al., 1995). The amount of NPY mRNA was expressed as
the NPY mRNA/18S rRNA ratio.

Statistical analyses

Data are expressed as mean+s.e.mean. Blood analytes,
NPY mRNA levels were compared between groups using
one-way analysis of variance (ANOVA). For food intake,
body weight and NPY concentrations in individual
hypothalamic regions, two-way ANOVA coupled to a
Bonferonni post-hoc modified r-test was performed to
determine whether there were significant differences between
groups. Group differences in NPY levels within individual
nuclei were then further examined by Student’s unpaired ¢-
test. A P value of 0.05 or less at two-tail level was taken as
significant.

Results
Effect of highly palatable diet upon body weight

Animals fed the palatable diet gained weight more rapidly
than controls, and despite starting at similar weights were
18.6% heavier at the end of the 12-week period of dietary
manipulation (535+6 g vs 451+7 g; P<0.0001).

Food intake and body weight changes

Sibutramine treatment for 21 days significantly reduced food
intake and body weight in both dietary-obese and chow-fed
rats, the effects being more marked in the dietary-obese
group. Dietary-obese animals given sibutramine showed a
rapid-onset (from day 2) suppression of food intake
compared with the vehicle-treated controls, that lasted
throughout the experimental period (P<0.0001) (Figure
la). Lean rats treated with sibutramine also ate less than
the controls from day 3, with a less marked reduction in total
food intake (P <0.0001) (Figure 1b).

Sibutramine caused a progressive and significant decline in
weight gain from day 2 in dietary-obese rats (P<0.0001),
with their final body weight being 9% lower (P <0.005) than
DIO controls (Figure 2). Lesser decreases in weight gain were
also seen in treated lean rats (P<0.05), with final body
weight being 7% below lean controls (Figure 2).

Fat/lean ratio was 51% higher in untreated dietary-obese
rats than in chow-fed controls (P<0.0001) (Figure 3).
Sibutramine treatment led to a significant reduction in the
lean/fat ratio of 23.7% (P=<0.01) in dietary-obese but
not in pair-fed dietary-obese or chow-fed animals (Figure
3).

Plasma leptin concentrations and HOM A analysis

Plasma leptin levels were 3 fold higher (P <0.01) in untreated
dietary-obese than in lean animals (Figure 4). Sibutramine
caused a 63% fall in leptin levels in dietary-obese (P <0.05),
and a 44% fall in lean rats (P<0.05) (Figure 4).

Untreated dietary-obese rats were significantly more insulin
resistant than chow-fed control animals [HOMA 0.47+0.10
(diet) ws 0.27+0.03 (controls); P<0.005], and this was
corrected by treatment with sibutramine [HOMA
0.21+0.03; P<0.05 vs diet+ vehicle], however pair-feeding
dietary-obese animals only showed a small, non-significant
reversal of insulin resistance (Figure 5).
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Figure 1 Cumulative food intake in DIO (a) and chow (b) rats
treated orally with sibutramine (3 mg kg~' day~' p.o.) or vehicle for
21 days. Show are DIO controls (n=16), DIO treated with
sibutramine (n=16), chow controls (n=16) and chow treated with
sibutramine (n=16) (means +s.e.mean). Total cumulative food intake
for both experimental groups is shown in (c) (n=16) (mean-
s+s.e.mean).

Hypothalamic NPY and NPY mRNA levels

Hypothalamic NPY mRNA levels were unchanged in dietary-
obese rats compared to chow-fed rats (P=ns) (Table 1).
There were no significant changes in NPY mRNA levels
associated with sibutramine treatment or pair-feeding of
animals (Table 1).

NPY concentrations in the six hypothalamic regions in
dietary-obese and chow-fed control rats treated with
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Figure 2 Final body weight of DIO and chow-fed rats treated orally
with sibutramine (3 mg kg~' day~! p.o.) or vehicle for 21 days
(n=16 per group; means+s.ec.mean).
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Figure 3 Fat/lean ratio of DIO and chow/fed rats treated orally
with sibutramine (3 mg kg~' day~' p.o.) or vehicle for 21 days
(n=16 per group; means+s.e.mean).
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Figure 4 Plasma leptin levels of DIO and chow-fed rats treated
orally with sibutramine (3 mg kg~' day~' p.o.) or vehicle for 21
days (n=12 per group; means+s.e.mean).
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Figure 5 HOMA index of DIO and chow-fed rats treated orally
with sibutramine (3 mg kg=' day~! p.o.) or vehicle for 21 days
(n=12 per group; means+s.e.mean).
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Table 1 Changes in total hypothalamic NPY mRNA and concentrations of NPY peptide in individual hypothalamic nuclei after

dietary manipulation and sibutramine treatment

Chow Chow
ad libitum pair-fed

NPY mRNA: 18S rRNA ratio 0.89+0.21 0.21+0.06
NPY level (fmol/ug protein)

MPO 3.51+042 3.44+0.28
PVN 4.82+0.67 4.44+0.59
VMN 1.9240.12 2.26+0.23
DMN 2.98+0.40 2.86+0.17
ARC 2.1940.14 2.4540.21
LHA 1.05+0.18 1.40+0.14

Chow and Diet Diet Diet and

sibutramine ad libitum pair-fed sibutramine
0.11+0.03 0.5740.12 0.91+0.57 0.27+0.04
2.7340.42 2.76+0.28 2.7740.50 2.8240.45
4.63+0.46 4.9140.51 4.46+0.76 5.50+1.03
2.1240.33 2.4140.28 1.7140.23 1.96+0.61
2.42+0.31 2.33+£0.20 2.83+0.67 3.2240.35
1.93+0.23 1.74+0.19 1.64+0.18 1.93+0.23
1.204+0.20 1.3740.09 1.0440.20 1.634+0.22

Data are mean+s.e.mean (n=38). MPO, medial preoptic area; PVN, paraventricular nucleus; VMN, ventromedial nucleus; DMN,
dorsomedial nucleus; ARC, arcuate nucleus with median eminence; LHA, lateral hypothalamic area.

sibutramine (n=_8) or deionized (n=38), or pair-fed (n=28) for
21 days are shown in Table 1. Two-way ANOVA revealed
that there was no significant effects attributable to group.
Neither treatment with sibutramine or pair-feeding had any
significant effect on NPY concentrations within individual
hypothalamic nuclei (Table 1).

Discussion

Our results show that sibutramine significantly attenuates
food intake and body weight gain in dietary-obese Wistar
rats. Furthermore, this weight loss is accompanied by
depletion of body fat stores. Sibutramine treatment also
ameliorates the insulin resistance seen in this model of
obesity. However, in contrast to the serotonin-releasing
agents previously studied (Dryden et al., 1996; Rogers et
al., 1991), sibutramine does not appear to mediate these
effects by altering hypothalamic NPY.

We used an oral dose of sibutramine (3 mg kg=' day~
p-0.), which caused a reduction in both food intake and body
weight gain in dietary obese rats. These data agree with a
previous study (Fantino er al., 1995). In agreement with
studies in obese humans, body compositional changes
induced by sibutramine were reflected by depletion of adipose
tissue rather than lean tissue mass (Griffiths et al., 1995). This
effect was reflected by a concomitant fall in plasma leptin
levels, which was proportional in both chow fed and dietary
obese groups to the reduced fat mass, consistent with leptin’s
correlation with body fat mass in rodents and humans
(Considine et al., 1996; Maffei et al., 1995; Solin et al., 1997).

Consistent with the known association between obesity,
insulin resistance and diabetes, the weight loss in the
sibutramine dietary obese group was associated with a fall
in the HOMA index, indicating an amelioration of insulin
resistance. Insulin resistance was improved to a greater extent
with sibutramine treatment compared with the pair-fed
dietary obese group, suggesting that sibutramine might have
an independent effect to improve insulin sensitivity, beyond
those effects that are due to weight loss. This could be related
to the selective loss of adipose tissue seen with sibutramine
treatment, as adiposity is an important determinant of insulin
sensitivity (Jung, 1997) or a direct effect as has been recently
reported (Day & Bailey, 1998).

We have found that sibutramine at a dose sufficient to
induce and sustain hypophagia and weight loss in dietary

1

obese rats, does not appear to be associated with changes in
regional hypothalamic NPY concentrations. In addition, we
have not shown any changes in total hypothalamic NPY
mRNA with this treatment. Our findings are consistent with
previous reports that hypothalamic NPY mRNA levels in
dietary obese rats are not significantly altered after a 6 week
exposure to the diet (Wilding et al., 1992a,b). However, these
studies did find increases in NPY concentrations in the
arcuate and paraventricular nuclei. There are several possible
reasons for the lack of change in hypothalamic NPY peptide
content in this study. Hypothalamic NPY release rates could
be altered by dietary obesity and sibutramine, without
altering mRNA or peptide content, however, release rates
when measured by microdialysis are consistent with what
would be expected from measurement of mRNA levels and
peptide content (Lambert er al., 1994), so we consider this
possibility unlikely. The DIO animals were fed the diet for 15
weeks, compared to 6—7 weeks in the previously reported
studies. It is possible that changes in NPY concentration in
the ARC and PVN are transient, representing a metamor-
phosis between the preobese to the fully obese DIO rat,
where it is seen that a number of brain systems appear to
normalize with the appearance of obesity. These include o,-
adrenoreceptors (Levin, 1990; Wilmot et al., 1988), nora-
drenergic (Levine et al., 1995) and hypothalamic neuronal
function (Levin, 1991; Levin & Sullivan, 1989).

Recent evidence suggests that preobese DIO-prone rats
have higher arcuate NPY mRNA levels than dietary resistant
rats before exposure to a high energy diet, however the
elevated NPY levels are reduced after 12 weeks of high
energy-diet intake (Levin, 1999). This may account for the
results seen in this study, where DIO rats exhibited no change
in hypothalamic NPY after 15 weeks on the diet. This would
suggest that sibutramine acts independently of the NPYergic
system. Interestingly, NPY levels and mRNA was unaffected
by pair-feeding. However, towards the last 4 days of the
study, food intake between the sibutramine treated groups
and untreated ad [libitum groups was not significantly
different. This means that the pair-fed groups received similar
amounts of food to the untreated ad libitum groups, and were
not under conditions that would invoke up-regulation of
hypothalamic NPY normally seen in food restricted rodents
(Abizaid et al., 1997; Brady et al., 1990; Dryden et al., 1996;
Lewis et al., 1993).

The hypothalamic control of appetite is complex, and
different components have specific functions in regulating
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satiety, hunger, food choice and energy expenditure, with a
significant degree of redundancy, for example the NPY
knockout mouse gains body weight normally (Williams et al.,
2000). It is therefore possible that sibutramine could alter
food intake and or energy expenditure by influencing one or
more other hypothalamic peptidergic and non-peptidergic
neurotransmitter systems that are involved in the control of
energy balance, but were not assessed in the studies described
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