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Aims: Energy homeostasis is requlated by a complex interaction of molecules and pathways, and new antiobesity treatments are likely to
require multiple pharmacological targeting of anorexigenic or orexigenic pathways to achieve effective loss of excess body weight and adiposity.
Cannabinoids, acting via the cannabinoid-1 (CB1) receptor, and neuropeptide Y (NPY) are important modulators of feeding behaviour, energy
metabolism and body composition. We investigated the interaction of CB1 and NPY in the requlation of energy homeostasis, hypothesizing that
dual blockade of CB1 and NPY signalling will induce greater weight and/or fat loss than that induced by single blockade of either system alone.
Methods: We studied the effects of the (B1 antagonist Rimonabant on food intake, body weight, body composition, energy metabolism and
bone physiology in wild-type (WT) and NPY knockout (NPY=/~) mice. Rimonabant was administered orally at 10 mg/kg body weight twice per
day for 3 weeks. Oral Rimonabant was delivered voluntarily to mice via a novel method enabling studies to be carried out in the absence of
gavage-induced stress.

Results: Mice with dual blockade of CB1 and NPY signalling (Rimonabant-treated NPY=/~ mice) exhibited greater reductions in body weight
and adiposity than mice with single blockade of either system alone (Rimonabant-treated WT or vehicle-treated NPY=/~ mice). These changes
occurred without loss of lean tissue mass or bone mass. Furthermore, Rimonabant-treated NPY=/~ mice showed a lower respiratory exchange
ratio than that seen in Rimonabant-treated WT or vehicle-treated NPY=/~ mice, suggesting that this additive effect of dual blockade of CB1 and
NPY involves promotion of lipid oxidation. On the other hand, energy expenditure and physical activity were comparable amongst all treatment
groups. Interestingly, Rimonabant similarly and transiently reduced spontaneous and fasting-induced food intake in WT and NPY=/~ mice in the
first hour after administration only, suggesting independent requlation of feeding by CB1 and NPY signalling. In contrast, Rimonabant increased
serum corticosterone levels in WT mice, but this effect was not seen in NPY=/~ mice, indicating that NPY signalling may be required for effects
of CB1 on the hypothalamo-pituitary-adrenal axis.

Conclusions: Dual blockade of CB1 and NPY signalling leads to additive reductions in body weight and adiposity without concomitant loss of
lean body mass or bone mass. An additive increase in lipid oxidation in dual CB1 and NPY blockade may contribute to the effect on adiposity.
These findings open new avenues for more effective treatment of obesity via dual pharmacological manipulations of the CB1 and NPY systems.
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Introduction effective treatments for obesity, it is important not only to
know the identity and functions of individual molecules and
pathways involved in the regulation of energy homeostasis
but also to understand how these molecules and pathways
interact. Among these, endocannabinoids and neuropeptide Y
(NPY) are considered to be important modulators of feeding
behaviour, energy metabolism and body composition.
Endocannabinoids promote positive energy balance via
activation of the cannabinoid-1 (CB1) receptor, which is
expressed in peripheral tissues [1-4] as well as in the central
nervous system [4,5]. Endocannabinoid/CB1 tone is under the

Obesity, an epidemic disorder and the leading risk factor for
type 2 diabetes, results from a prolonged energy imbalance
during which intake exceeds expenditure. One of the major
obstacles to permanent weight loss in overweight or obese
individuals relates to the ability of the body’s complex and
redundant energy homeostatic systems to defend against loss
of body weight and fat mass. Therefore, to develop more
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diet-induced [8—11] and mutation-induced [6,7] obesity in  protein expression in the hypothalamus of food-deprived
rodents, as well as inducing weight loss and ameliorating  mice [36]. These studies imply that CB1 blockade may induce
metabolic syndromes in humans [12—14]. The antiobesity  at least part of its effects on food intake, body weight and
effects of CB1 antagonism have been ascribed to effects  other metabolic parameters via reduction in the secretion of
to reduce appetite [4], increase energy expenditure [11,15]  NPY. In conjunction with the opposite effects of the CB1 and
and enhance lipid metabolism in adipose tissue [4,16] and ~ NPY systems on bone metabolism, the reported interaction
liver [1,17]. between CB1 and NPY pathways in the control of energy

Whereas CB1 antagonism holds potential as an antiobesity =~ homeostasis highlights the possibility that dual blockade of
treatment, it is not without possible adverse effects that require ~ CB1 and NPY signalling may lead to additive/synergistic loss
further investigation, notably the possibility of reduced bone  of body weight and fat mass without adverse effects on bone

mass. CB1 receptors expressed on sympathetic nerve termi-  mass. To test this hypothesis, we investigated the effects of CB1
nals [18] negatively regulate the release of noradrenaline [19],  blockade with Rimonabant with or without NPY blockade by
which is known to suppress bone formation [20]. Thus, long-  gene deletion on food intake, body weight, energy metabolism,

term CB1 blockade could conceivably lead to bone loss by =~ body composition and bone mass in mice. As NPY is an
alleviating the inhibition on noradrenaline release and thereby ~ important regulator of stress responses [37], stress induced by
enhancing the noradrenaline-induced suppression of bone for-  gavage, the common means of oral drug delivery, may hinder
mation. Indeed, CB1-deficient mice ona C57BL/6] background  investigation of interactions between CB1 and NPY pathways.
have a low bone mass phenotype accompanied by increased ~ Therefore, we also developed a novel method for voluntary oral
osteoclast counts and a decreased rate of bone formation [18].  administration of Rimonabant to mice.

Therefore, to further investigate the role of the CB1 system in
the regulation of bone metabolism and to explore the possi-
bility that CB1 antagonism may have adverse effects on bone Methods
mass, we examined the effects of 3-week administration of a Animals
CB1 antagonist on bone physiology.

While we hypothesize that long-term CB1 blockade may
have adverse effects on bone mass, blockade of NPY signalling
may improve skeletal health. NPY, via its actions on Y receptors
(Y1,Y2,Y4,Y5and y6), plays a critical role in regulating energy
metabolism. Increased central NPY-ergic tonus elicits robust
hyperphagia and induces a series of obesogenic changes in
association with gain of body weight and fat mass [21-26].
Importantly, when NPY-induced hyperphagia is prevented by
pair feeding, central administration of NPY for 5-7 days in

All research and animal care procedures were approved by
the Garvan Institute/St. Vincent’s Hospital Animal Ethics
Committee and were in agreement with the Australian Code
of Practice for the Care and Use of Animals for Scientific
Purpose. Mice were housed under conditions of controlled
temperature (22 °C) and illumination (12-h light cycle, lights
on at 07:00 h). All mice were fed a normal chow diet (8%
calories from fat, 21% calories from protein, 71% calories
from carbohydrate, 2.6 kcal/g; Gordon’s Speciality Stock Feeds,
Yanderra, NSW, Australia) ad libitum unless otherwise stated.

rodents l.eads to signiﬁcanj[ fat ga.in without any change %n Details of generation of the germline NPY knockout mice
body Welght [22,2.7],.showmg an 1mportant' role of NPY in were published previously [38]. All mice were on a mixed
regulating adiposity independently of food intake and body C57BL/6-129/5v] background

weight. These findings highlight the potential of blocking
NPY-ergic pathway in novel antiobesity treatments. In addition
to promoting positive energy balance, the NPY-ergic system
negatively regulates bone mass [28,29]. Mice lacking Y1 or  Rimonabant [N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-
Y2 receptors show high bone mass, which is attributable  dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamidehydroc
to increased bone formation [28,30—33]. In addition, NPY hloride] (Sanofi-Aventis, Paris, France) was given to mice orally
knockout increases while central NPY administration decreases  at 10 mg/kg body weight. To avoid stress induced by gavage,
bone mass in mice [29]. Taken together, these data suggest that ~ we developed a method to administer Rimonabant voluntarily
blocking NPY-ergic signalling may improve skeletal health in  and orally. This method involves incorporating Rimonabant
addition to having antiobesity benefits. into artificially flavoured and sweetened jelly and training mice

Interestingly, several lines of evidence suggest a close  to eat the jelly. The Rimonabant jelly contains 1.26% Rimona-
interaction between the CBI and NPY pathways in the  bant, 0.1% TWEEN®g0 (Sigma-Aldrich, St. Louis, MO, USA),
regulation of energy homeostasis. The massive increase in  16% Splenda® (Splenda® Low Calorie Sweetener, Johnson-
food intake and body weight observed after acute or chronic ~ Johnson Pacific Pty, NSW, Australia), 9.6% gelatine (Davis
hypothalamic NPY administration in wild-type (WT) mice Gelatin, GELITA Australia Pty, NSW, Australia) and 7.9%
is strongly reduced in CB17/~ mice [34], suggesting that  flavouring (QUEEN Flavouring Essence Imitation Strawberry,
NPY induces at least part of its effects via the CBI receptor. ~ Queen Fine Foods Pty, QLD, Australia). Jelly including all of

Voluntary Oral administration of Rimonabant

Conversely, the cannabinoid receptor agonist, anandamide,  the above ingredients, except for Rimonabant, was used as
augments NPY release from rat hypothalamic explants, a vehicle. The training involves overnight fasting followed by
whereas the CB1 antagonist, AM251, blocks this action [35].  vehicle jelly presentation and 3-day follow-up jelly presentation

Furthermore, acute administration of the CBI receptor  without food restriction. More than 95% of mice consumed
antagonist Rimonabant significantly reduces NPY mRNA and  the entire jelly (8 pl/g body weight = 8 mm?/g body weight,
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for example, 240 ul for a 30 g mouse = 0.24 cm?®) within
5 min of jelly being placed in the cage and maintained this
high avidity for jelly over the study period. To evaluate the
effectiveness of this voluntary oral administration method, we
examined fasting-induced feeding and spontaneous feeding
in 10-week-old male WT mice following acute Rimonabant
jelly treatment, as Rimonabant is known to transiently reduce
food intake [9,39]. Mice in individual cages with paper towel
bedding with or without prior 24-h fasting were given either
Rimonabant or vehicle jelly at 17:30 hours. Food was given
to fasted mice 30 min after jelly consumption. Food intake
was determined at 1, 2, 3, 15 and 24 h after representation of
food or jelly consumption for measurement of fasting-induced
or spontaneous feeding, respectively. Actual food intake was
calculated as the weight of pellets taken from the food hopper
minus the weight of food spilled in the cage.

Experimental Protocol

Male WT and NPY~/~ mice at 8 weeks of age were transferred
from group housing on soft bedding to individual cages with
paper towel bedding and allowed to acclimatize for 2 days
before being trained to eat the jelly. At 9 weeks of age, basal
body weight, body composition including lean mass, fat mass,
bone mineral content and bone mineral density measured by
dual-energy X-ray absorptiometry (DEXA, as described below)
as well as spontaneous food intake (as described above) were
determined. Subsequently, mice were separated into groups
of equal average body weight, body composition and food
intake within each genotype. At 10 weeks of age, the effects
of acute Rimonabant treatment on fasting-induced feeding
were determined. Thus, mice were fasted from 09:00 hours.
At 08:30 hours on the following day, control and treated
mice from each genotype received a first dose of vehicle or
Rimonabant (10 mg/kg) jelly, respectively. At 09:00 hours,
food was given and food intake was determined at 1, 3, 7
and 24 h after refeeding. From 11 weeks of age, treated mice
received Rimonabant (10 mg/kg) jelly twice per day at 08:30
and 17:00 hours for 3 weeks, while control mice received vehicle
jelly instead. Daily food intake, fecal output and body weight
were determined during the first 10 days. Mice were then put
back onto soft bedding. During the third week of the treatment
period, mice were put in metabolic chambers to determine
metabolic rate, respiratory exchange ratio (RER) and physical
activity as described below. Mice were injected with 15 mg/kg of
the fluorophore calcein (Sigma Chemical, St. Louis, MO, USA)
10 and 3 days before tissue collection to enable subsequent
calculation of bone formation rate as described below.

Tissue Collection

At the end of the 3-week treatment period, ad libitum fed
animals were culled between 12:00 and 15:00 hours by cervical
dislocation followed by decapitation for collection of trunk
blood. Serum was stored at —20 °C for subsequent analysis of
corticosterone levels as described below. White adipose tissue
depots (inguinal, epididymal, retroperitoneal and mesenteric)
and brown adipose tissue were removed and weighed. Femurs
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and tibias were excised, fixed overnight in 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS) at 4 °C and
then stored in 70% ethanol at 4 °C before undergoing micro-
computed tomography or histomorphometry as detailed below.

Serum Corticosterone

Serum corticosterone levels were determined with a radioim-
munoassay kit (ICN Biomedicals, Costa Mesa, CA, USA).

Determination of Metabolic Rate, Respiratory
Exchange Ratio and Physical Activity

Metabolic rate was measured by indirect calorimetry using
an eight-chamber open-circuit calorimeter (Oxymax Series;
Columbus Instruments, Columbus, OH, USA) as described
previously [40]. Briefly, preweighed mice were housed
individually in specially built Plexiglas cages (20.1 x 10.1
x 12.7 cm). Temperature was maintained at 22 °C with airflow
of 0.6 /min. Food and water were available ad libitum. Mice
were singly housed for at least 3 days prior to transferring into
Plexiglas cages and were acclimatized to the cages for 24 h before
recordings commenced. Mice were subsequently monitored in
the system for 24 h. Oxygen consumption (VO,) and carbon
dioxide production (VCO,) were measured every 27 min. The
RER was calculated as the quotient of VCO,/VO,, with the
value of 1 representing 100% carbohydrate oxidation and the
value of 0.7 representing 100% fat oxidation [41,42]. Energy
expenditure (kcal heat produced) was calculated as calorific
value (CV)x VO,, where CV is 3.815+ 1.232 x RER [43].
Data for the 24-h monitoring period were averaged for
1-h intervals for energy expenditure and RER. Ambulatory
activity of individually housed mice was evaluated within
the metabolic chambers using an OPTO-M3 sensor system
(Columbus Instruments), whereby ambulatory counts were a
record of consecutive adjacent photobeam breaks. Cumulative
ambulatory counts of X and Y directions were recorded every
minute and summed for 1-h intervals.

Analysis of Body Composition and Bone Densitometry

Upon completion of indirect calorimetry and physical activ-
ity measurements, animals were anaesthetized with isoflurane
and then scanned using DEXA (Lunar PIXImus2 mouse den-
sitometer; GE Healthcare, Waukesha, WI, USA) to determine
whole body lean mass, fat mass, bone mineral content and bone
mineral density. The head and the tail were excluded from the
analysis of body composition. Whole femoral bone mineral
content and bone mineral density were measured using DEXA
in excised left hindlimbs. Femurs were scanned with tibiae
attached and the knee joint in flexion to 90°, in order to ensure
consistent placement and scanning of the sagittal profile.

Bone Micro-Computed Tomography

Following fixation, left femora were cleaned of muscle and
analysed using micro-computed tomography (micro-CT) with
a Skyscan 1174 scanner and associated analysis software
(Skyscan, Aartselaar, Belgium). During scanning, the femora
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were enclosed in a rigid plastic tube filled with 70% ethanol
and prevented from moving by polystyrene packing. The X-ray
source was set at 50 kV and 800 LA. Scanning was carried out
with a 0.5-mm aluminium filter in place to reduce noise and
sharpening was set to 40%. Image projections were acquired
over an angular range of 180° (angular step of 0.4°), with
pixel size of 7.2 um and the exposure set to 3600 ms. The
image slices were reconstructed using NRecon (Skyscan’s
volumetric reconstruction software), which uses a modified
Feldkamp algorithm. Reconstruction was carried out with
automated misalignment compensation for each individual
sample and the following settings for the whole study samples:
beam-hardening correction set to 30%, ring artifact correction
set to 5, smoothing set to 4 and the threshold for defect
pixel masking set to 10%. The reconstructed images were
then straightened using Dataviewer software (Skyscan) and
analyses of the cortical bone were carried out in 150 slices
(1.07 mm) of selected 750 slices (5.37 mm) proximally from
the distal growth plate using CT-Analyser software (Skyscan).
Thresholding was applied to the images to segment the bone
from the background and the same threshold setting was
used for all the samples. The following two-dimensional
parameters were measured: total tissue area, bone area, total
tissue perimeter, bone perimeter and polar moment of inertia
(a basic strength index). Marrow area was manually calculated
from these values as tissue area less bone area. Bone perimeter is
equivalent to periosteal perimeter, whilst total tissue perimeter
is equivalent to periosteal plus endosteal perimeter. Thus,
endosteal perimeter was manually calculated as total tissue
perimeter less bone perimeter. In addition, three-dimensional
analysis generated cortical thickness measurements.

Bone Histomorphometry

Right femora were bisected transversely at the midpoint
of the long axis and the distal half embedded undecalci-
fied in methacrylate resin (Medim-Medizinische Diagnostik,
Giessen, Germany) and 5-um sagittal sections were analysed,
as previously described [44]. Briefly, sections were stained
for mineralized bone and trabecular bone volume and thick-
ness, and trabecular numbers were calculated. Bone formation
(mineralizing surface), mineral apposition rate and bone for-
mation rate were calculated as previously described [44] using
fluorescence microscopy (Leica, Heerbrugg, Switzerland).

Statistical Analyses

All data are expressed as means + s.e.m. RER and physical
activity over the continuous 24-h period were averaged for
the whole 24-h period, as well as for the light and dark
periods. Differences between knockout and WT mice were
assessed by analysis of variance (ANOVA) or repeated-measures
ANOVA. Comparisons of energy expenditure (kcal/h) were
carried out by analysis of covariance (ANCOVA), with lean
body mass and fat mass as the covariates. The adjusted means
of energy expenditure at a common lean mass and fat mass
for the comparison were generated by ANCOVA. Correlations
between measures of adipose tissue mass and RER were
determined using linear regression analysis. Statistical analyses
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were performed with SPSS for Mac OS X, version 16.0.1
(SPSS, Chicago, IL, USA). Statistical significance was defined
asp < 0.05.

Results

Transient Reduction in Food Intake by CB1 Receptor
Antagonism in WT and NPY~/~ Mice

To examine the effectiveness of the new method to voluntarily
and orally deliver Rimonabant, and since Rimonabant has been
reported to reduce feeding [9,39], we studied the acute effects of
Rimonabant on 24-h fasting-induced food intake and sponta-
neous food intake in WT mice. As rodents eat mostly during the
dark period, Rimonabant was given to mice in this set of studies
at 90 min before the commencement of the dark phase followed
by multiple measurements into the dark period to examine food
intake in the most physiological relevant condition. In 24-h
fasted and non-fasted mice, acute treatment of Rimonabant sig-
nificantly reduced the refeeding and spontaneous food intake
during the first hour (table 1), showing the effectiveness of the
voluntary oral Rimonabant administration. The suppressive
effect of Rimonabant on feeding was transient, however, as food
intake determined during 1—2,2—3,3—15,15—24and 0—24 h
was comparable between vehicle-treated and Rimonabant-
treated groups (table 1). The accumulated food intake during
the entire 24-h refeeding period was also comparable between
control and treatment groups (table 1). Taken together, these
data show the effective delivery of Rimonabant via the new
administration method and highlight a potent, but transient,
effect of Rimonabant to suppress feeding in WT mice.

To investigate the possible interactions of CB1 and NPY
signalling in feeding regulation, we subsequently examined the
acute effect of Rimonabant on 24-h fasting-induced food intake
in WT and NPY~/~ mice. Rimonabant treatment significantly
and transiently reduced fasting-induced feeding in WT and
NPY/~ mice alike, with no effect of NPY deletion on food

Table 1. Acute effects of oral Rimonabant (10 mg/kg body weight) given
90 min before onset of the dark phase on 24-h fasting-induced food intake
and spontaneous food intake in wild-type mice.

Vehicle Rimonabant

Fasting-induced food intake (g)

0—1h 0.87+£0.11  0.41 +0.07*
1—2h 0.30 £0.07 0.30+£0.7
2—3h 0.36 = 0.04 0.53 = 0.10
3—15h 2.82+0.27 3.08 +£0.43
15—24h 1.174+0.25 1.41+£0.16
0—24h 5.51+£0.58 5.723 £0.49
Spontaneous food intake (g)
0—1h 0.30 £ 0.06  0.09 £ 0.04*
1—2h 0.21 £0.04 0.10 =% 0.04 (p = 0.06)
2—3h 0.57 £ 0.14 0.48 +=0.12
3—15h 2.17+£0.29 2.30+0.33
15—24h 0.49£0.08 0.40+£0.15
0—24h 3.73+£0.41 3.36 £0.38

Data are means = s.e.m. of 7 — 9 mice per group.
*p < 0.05 vs. vehicle group.
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intake (figure 1A). These data suggest that CB1 may regulate
feeding independently of NPY, consistent with a previous
report [34].

We further investigated the chronic effect of Rimonabant
on daily food intake over a 10-day treatment period with
vehicle-treated animals as control. WT and NPY~/~ mice
had comparable daily food intake (figure 1B, C). Furthermore,
chronic treatment with Rimonabant over 10 days had no effects
on daily food intake in either WT or NPY~/~ mice (figure 1B,
C), consistent with the transient action of Rimonabant on
feeding (table 1; figure 1A). In addition, daily fecal output over
the 10-day treatment period was comparable between WT and
NPY~/~ mice, and the addition of Rimonabant administration
had no effect on daily fecal output in either genotype (figure 1D,
E), suggesting blocking CB1 or/and NPY signalling does not
alter gastrointestinal absorption.

Greatest Reduction in Body Weight in Mice is Seen
with Dual Blockade of CB1 and NPY Signalling

WT and NPY/~ mice had similar basal body weight (26.1
+ 08g and 26.7 + 0.5g for WT and NPY/~ mice,
respectively, data are means =+ s.e.m. of 6—13 mice per group,
NS). During the first 10-day treatment period, Rimonabant
treatment lead to reduced body weight gain in both WT and
NPY~/~ mice, significantly so in WT (figure 1F). Furthermore,
NPY deletion alone resulted in markedly attenuated weight
gain and Rimonabant-treated NPY~/~ mice exhibited the
greatest reduction in weight gain among all treatment groups
(figure 1F). A similar pattern of changes in body weight gain
was seen at the end of 3-week treatment period (figure 1G).
These data suggest an additive effect of dual blockade of CB1
and NPY signalling on body weight reduction.

Greatest Reduction in Adiposity in Mice is Seen with
Dual Blockade of CB1 and NPY Signalling

To investigate the effects of CB1 antagonism and NPY ablation
on adiposity, we examined whole body fat mass by DEXA scan
(figure 2A) and weights of individual white adipose depots
(namely inguinal, epididymal, mesenteric and retroperitoneal
depots and the summed weights of these depots) (figure 2B—F)
by tissue dissection. Rimonabant-treated WT mice had lower
adiposity than vehicle-treated WT mice for all measures, except
mesenteric white adipose tissue, although this did not reach
statistical significance (figure 2A—F). NPY~/~ mice exhibited a
markedly lean phenotype evidenced in the significantly reduced
fat mass in vehicle-treated NPY ™/~ vs. vehicle-treated WT
mice (figure 2A—F), showing a strong reducing effect of NPY
ablation on fat storage. It is interesting to note that the decrease
in adiposity was greater in vehicle-treated NPY~/~ group than
Rimonabant-treated WT group, suggesting NPY signalling
may exert a greater control on adiposity than CB1 signalling.
Most importantly, white adipose tissue mass in Rimonabant-
treated NPY~/~ mice was significantly lower than vehicle-
and Rimonabant-treated WT and lower than vehicle-treated
NPY~/~ mice, albeit this latter comparison was not statistically
significant (figure 2A—F). This again shows an additive effect
of dual blockade of CB1 and NPY signalling in this case on
reducing fat mass.
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Increased Lipid Oxidation via C(B1 Antagonism and NPY
Ablation

To investigate the mechanisms through which blockade of
CB1 and NPY signalling reduces body weight and adiposity,
we performed indirect calorimetry to determine energy
expenditure and RER (an index of fuel source for oxidation),
as well as concurrent measures of physical activity. Energy
expenditure showed a clear circadian rhythm in all treatment
groups, with higher energy expenditure throughout the dark
period (figure 3A). However, there was no difference in
energy expenditure during the 24-h, dark or light period,
among all treatment groups (figure 3A, B), suggesting CB1
or NPY blockade alone or in combination do not alter
energy expenditure. The unaltered energy expenditure was
associated with an unchanged overall physical activity among
treatment groups (320 % 50, 280 =+ 46, 235 £ 77 and 164
=+ 22 ambulatory counts/hour for vehicle- and Rimonabant-
treated WT, and vehicle- and Rimonabant-treated NPY~/~
mice, respectively; data are means =+ s.e.m., NS). All treatment
groups showed a clear circadian rhythm in RER with a lower
RER during the light period (figure 3C), indicating a greater use
oflipid as an oxidative fuel during the light phase. Interestingly,
Rimonabant-treated WT mice showed a significant reduction
in RER over the 24-h period and during the light period
(figure 3C, D), suggesting an increased lipid oxidation as
the result of blocking CB1 signalling. Furthermore, NPY~/~
mice exhibited a marked decrease in RER during the light
period compared with WT mice, and this decrease was more
pronounced than that seen in Rimonabant-treated WT mice
(figure 3C, D), indicating that NPY blockade leads to a greater
increase in lipid oxidation than that induced by CB1 blockade.
Importantly, the increased lipid oxidation in NPY~/~ mice was
further enhanced by the addition of Rimonabant treatment, as
evidenced by the lower RER in Rimonabant- vs. vehicle-treated
NPY~/~ mice during the 6 h after the administration of the
second dose of Rimonabant, at 2 h before the commencement
of the dark phase (figure 3C). Moreover, the increased lipid
oxidation by Rimonabant in both WT and NPY~/~ mice
suggests independent mechanisms through which CB1 and
NPY signalling regulate oxidative fuel selection.

As we have seen an additive effect of CB1 antagonism and
NPY ablation on adiposity as well as on RER, we performed
correlation analyses between adiposity and RER to determine
whether the greater reduction in adiposity by dual blockade of
CB1 and NPY signalling may be correlated with greater increase
in lipid oxidation. In support of our hypothesis, RER over the
24-h period and during the light phase, but not the dark
phase, was significantly correlated with whole body percentage
fat mass as well as the weight of individual and summed
white adipose depots as a percent of body weight, except for
mesenteric white adipose depot (table 2). It is interesting to
note that such correlation did not exist between RER and the
relative weight of brown adipose tissue (table 2), suggesting that
the fat-reducing effects of CB1 and NPY signalling blockade are
specific for white adipose tissues but not for an adipose tissue
that contributes to thermogenesis, and that the increased lipid
oxidation could contribute to the reduced adiposity by CB1
and NPY signalling blockade.
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Figure 1. Greatest reduction in body weight with transient reduction in food intake in mice seen with dual blockade of cannabinoid-1 (CB1) and
neuropeptide Y (NPY) signalling. The 24-h fast-induced food intake in wild-type (WT) and NPY~/~ mice after a single oral administration of Rimonabant
(10 mg/kg) (A). Daily food intake (B and C), fecal output (D and E) and body weight change (F) during chronic oral Rimonabant treatment (10 mg/kg
twice per day) in WT and NPY~/~ mice. Body weight change after 3 weeks oral treatment of Rimonabant in WT and NPY ™/~ mice (G). Data are means
=+ s.e.m. of 6 — 10 mice per group. *p < 0.05, **p < 0.001 vs. vehicle-treated WT mice.
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Figure 2. Greatest reduction in adiposity in mice seen with dual blockade of cannabinoid-1 (CB1) and neuropeptide Y (NPY) signalling. Whole body
fat mass as determined by dual-energy X-ray absorptiometry (DEXA) (A), mass of individual white adipose depots including inguinal (B), epididymal
(C), retroperitoneal (D), mesenteric (E) and combined weight of these depots (F) as a percent of body weight (%BW) after 3 weeks of oral Rimonabant
treatment (10 mg/kg twice per day) in wild-type (WT) and NPY~/~ mice. Data are means + s.e.m. of 6—10 mice per group. *p < 0.05, **p < 0.001 vs.
vehicle-treated WT mice or the comparison indicated by horizontal bars.
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Figure 3. Unaltered energy expenditure and increased lipid oxidation in mice with cannabinoid-1 (CB1) and neuropeptide Y (NPY) signalling blockade.
Time course of energy expenditure (A) and averages for 24-h, dark and light phases (B), time course of respiratory exchange ratio (C) and averages for
24-h, dark and light phases (D) during chronic oral Rimonabant treatment (10 mg/kg twice per day) in wild-type (WT) and NPY~/~ mice. For comparison
of energy expenditure by analysis of covariance, common lean mass and fat mass were 19.98 and 4.02 g, respectively. Open and grey horizontal bars and
black arrows on (A) and (C) indicate light phase, dark phase and vehicle/Rimonabant administration, respectively. Data are means =+ s.e.m. of 6—10 mice
per group. *p < 0.05, **p < 0.001 vs. vehicle-treated WT mice or the comparison indicated by horizontal bars.

Table 2. Correlations between respiratory exchange ratio (RER) and adiposity in wild-type (WT) and neuropeptide Y (NPY~/~) mice treated orally with

Rimonabant or vehicle for 3 weeks.

WATe (%BW)

Whole body fat mass (%BW) WATi (%BW)
RER24-h  0.02 0.004
RER light  0.002 <0.001
RER dark 0.4 0.240

<0.001

WATm (%BW)

0.053
0.023
0.263

WATr (%BW) WATtotal (%BW) BAT (%BW)
0.015 0.005 0.637
<0.001 <0.001 0.362
0.5 0.234 0.852

BAT, brown adipose tissue; BW, body weight; WAT, white adipose tissue.

Pearson’s correlations were performed between respiratory exchange ratio (RER, during 24-h, light and dark periods) and parameters of adiposity
including whole body fat mass as determined by dual-energy X-ray absorptiometry (DEXA) and by the weight of individual white adipose depots as a
percentage of body weight (%BW). P values for these correlations are presented. Data were pooled from wild-type and NPY~/~ mice with either vehicle or
Rimonabant treatment with 6—14 mice per group. WATi, WATe, WATm, WATr and WATtotal indicate inguinal, epididymal, mesenteric, retroperitoneal
and the sum of these white adipose tissue depots, respectively.
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No Loss of Lean Body Mass or Bone Mass in Mice with
Dual Blockade of CB1 and NPY Signalling

We used DEXA to determine whether the fat-reducing effects of
CB1 and NPY signalling blockade are associated with changes
in lean body mass and bone mass. Whole body lean tissue mass
was comparable between vehicle- and Rimonabant-treated
WT mice (figure 4A). Interestingly, NPY ™/~ mice exhibited a
significantly higher percentage of body lean mass compared
with WT (figure 4A), which tended to be further enhanced by
the addition of Rimonabant treatment (figure 4A). These data
suggest that CB1 and NPY signalling blockade specifically
reduce fat mass without reducing body lean tissue mass.
Moreover, NPY~/~ mice showed a trend of higher whole
body bone mineral content compared with WT (figure 4B),
which was associated with a significantly greater femur length,
albeit no significant difference in other bone parameters was
observed (table 3). These data suggest that lack of NPY leads
to a high bone mass phenotype, consistent with the negative
influence of NPY on bone metabolism [28,29]. This is further
supported by the fact that Rimonabant-treated NPY~/~ mice
had a higher bone mass than WT mice (figure 4B). Interestingly,
Rimonabant treatment had no effects on all measured bone
parameters in either WT or NPY~/~ mice (figure 3B; table 3),
suggesting that CB1 blockade for 3 weeks does not exert
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Figure 4. Elevated lean body mass and bone mass, but not serum
corticosterone levels, in mice with dual blockade of cannabinoid-1 (CB1)
and neuropeptide Y (NPY) signalling. Whole body lean mass determined
by dual-energy X-ray absorptiometry (DEXA) (A), bone mineral density
(B) and serum corticosterone levels (C). Data are means =+ s.e.m. of 6—10
mice per group. *p < 0.05, **p < 0.001 vs. vehicle-treated wild-type (WT)
mice or the comparison indicated by horizontal bars.
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significant effects on bone mass. Taken together, these results
show that mice with dual blockade of CB1 and NPY signalling
increase or maintain their body lean tissue mass and bone mass,
despite significant reductions in adiposity.

Effects of (B1 and NPY Signalling Blockade on Serum
Corticosterone Levels

Rimonabant treatment in WT mice significantly increa-
sed serum corticosterone levels (figure 4C), suggesting
an increased activity of the hypothalamo-pituitary-adrenal
(HPA) axis due to CBI blockade, consistent with previous
reports [45,46]. Furthermore, NPY/~ mice showed a trend
towards higher serum corticosterone levels compared with
WT (figure 4C), consistent with anxiogenic-like phenotype of
NPY~/~ mice [38] and highlighting the important role of NPY
in the control of stress and anxiety. Interestingly, the increase
in serum corticosterone by Rimonabant in WT was absent in
NPY~/~ mice (figure 4C), suggesting that the effect of CB1 on
the activity of HPA to increase circulating corticosterone levels
may require NPY signalling.

Discussion

This study shows that dual blockade of CB1 and NPY signalling
(as in Rimonabant-treated NPY~/~ mice) leads to additive
reductions in body weight and adiposity without loss of lean
body mass or bone mass. The additive reduction in fat mass
is likely because of greater fat oxidation, as mice with dual
blockade of CB1 and NPY signalling showed a significant
decrease in RER that was more pronounced than that seen
in mice with CB1 or NPY blockade alone, and because RER
was significantly correlated with adiposity across all groups.
Furthermore, whereas CB1 and NPY are both important
regulators of energy homeostasis, they appear to regulate
feeding and substrate oxidation via independent mechanisms,
because Rimonabant transiently reduced feeding and increased
lipid oxidation similarly in WT and in NPY~/~ mice. In
contrast, the effects of CB1 on the HPA axis may require
the presence of NPY signalling because the Rimonabant-
induced increase in serum corticosterone levels was ablated
in NPY~/~ mice.

Our study shows a significant reduction in adiposity
associated with a significant increase in lipid oxidation
in mice with dual blockade of CB1 and NPY signalling,
and these changes are greater than those seen in mice
with blockade of either CB1 or NPY signalling alone. This
suggests a synergistic effect of CB1 and NPY blockade on
reducing energy storage at least partially via increased fat
oxidation. Indeed, CB1 antagonism induces lipolysis from
fat tissue in association with coordinated induction of genes
acting at different levels of fatty acid catabolism leading to
enhanced B-oxidation [10,47]. Whereas the effects of CB1
signalling on lipid metabolism appear to occur primarily
via peripheral mechanisms [4], actions of NPY signalling on
lipid metabolism may involve both central and peripheral
mechanisms. Intracerebroventricular administration of NPY,
Y1 or Y5 receptor agonists into mice increase RER, suggesting
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Table 3. Effects of cannabinoid-1 (CB1) and neuropeptide Y (NPY) signalling blockade on bone.

WT vehicle WT Rimonabant NPY~/~ vehicle NPY—/~ Rimonabant]
Isolated femur length (mm) 15.06 == 0.11 15.27 £ 0.13 16.18 £ 0.04* 16.22 + 0.15*
Isolated femur mineral content (mg) 20.00 4 1.23 21.67 £+ 0.67 22.54+0.76 23 4+ 0.69
Mineral apposition rate (m/day) 1.72 £ 0.09 1.59 £ 0.10 1.85 £ 0.07 1.96 £ 0.10
Total cortical bone tissue area (mm?) 1.89 £ 0.03 1.88 £ 0.10 2.03 + 0.06 1.98 + 0.03
Cortical bone area (mm?) 0.85 4 0.02 0.83 4 0.04 0.90 £ 0.05 0.89 4 0.02
Bone marrow area (mm?) 1.05 4 0.04 1.05 & 0.06 1.13 +£0.03 1.10 £ 0.02
Cortical thickness (mm) 0.20 £ 0.01 0.20 = 0.01 0.21 £0.01 0.21 £0.01
Mean polar moment of inertia (mm*) 0.41 +0.01 0.41 +0.04 0.47 £+ 0.04 0.45 4+ 0.01

Data are means = s.e.m. of 3—9 mice per group.
*p < 0.05 vs. vehicle-treated wild-type (WT) group.

the involvement of central Y1 and Y5 receptors in the or chronic administration of Rimonabant. Thus, the effects of
control of substrate oxidation [48]. Furthermore, central  CBI blockade on feeding in WT and NPY~/~ mice are unlikely
activation of Y5 receptors is associated with decreased  asignificant contributor to its effects to reduce body weight and
activity of hormone sensitive lipase (HSL) in mouse adipose  adiposity. This finding suggests the beneficial effects of CB1

tissue, suggesting central-mediated regulation on lipolysis [49].  blockade on metabolism may exceed its anorexigenic effect, in
Peripherally, NPY acts directly on adipocyte-expressed Y1  agreement with previous reports [6—11].
or Y2 receptors to promote lipolysis in rodents [50,51], The additive effects of dual CBl1 and NPY signalling

dogs [52,53] and humans [52,54,55]. As increased fatty acid  blockade on adiposity is not because of effects on energy
availability enhances lipid oxidation [56], enhanced lipolysis ~ expenditure, as CB1 blockade with Rimonabant for 3 weeks in
via actions of central and/or peripheral perturbations in NPY ~ WT or NPY ™/~ mice did not enhance energy expenditure.
signalling may be a factor promoting lipid oxidationin NPY~/~  In addition, energy expenditure was not altered in WT
mice. Importantly, control of lipid metabolism by peripheral =~ mice after a single administration of Rimonabant (data not
actions of CB1 antagonism may be complemented by effects ~ shown). Studies investigating energy expenditure by indirect

of lack of NPY signalling at central and peripheral levels.  calorimetryinrodents show that CB1 blockade increases energy
Further studies are required to determine which Y receptor(s) expenditure [10,11,15]. However, this effect has been mostly
are critical in mediating NPY’s effects on fuel selection, studied in obese rodent models [11,15], and appears to be

and whether pharmacologically blocking the responsible Y  transientin that the increase in energy expenditure disappeared
receptor(s) recapitulates effects of NPY ablation to enhance  in 1 or 12 h after treatment and declines in magnitude with
fat oxidation and reduce adiposity, particularly in conjunction  continuous treatment [10,11,15]. Thus, the lack of effects of
with simultaneous cannabinoid antagonism. Interestingly, we =~ Rimonabant on energy expenditure seen in this study may
have recently shown that peripheral Y1 receptors play an  be because of the transient effect of CB1 blockade on energy
important role in regulating substrate oxidation, and mice with ~ expenditure as well as the unstimulated endocannabinoid/CB1
reduced Y1 expression in peripheral tissues have enhanced  tone characteristic of lean WT mice [2,6,7].
lipid oxidation and are protected from high fat diet-induced Our study suggests that NPY signalling may be required
obesity [40]. Thus, it would be of interest to investigate the  for effects of CB1 antagonism on HPA axis activity but
effectiveness of pharmacologically antagonising only peripheral ~ not on feeding or substrate oxidation. Recent studies
Y1 receptors as a possible antiobesity treatment. Moreover, it~ show that acute CB1 blockade reduces NPY release from
should be noted that the CB1 receptor antagonist Rimonabant ~ hypothalamus explants [35] and reduces hypothalamic NPY
was withdrawn from the market worldwide in November 2008  expression [36], suggesting that the effects of CB1 blockade
due to its psychiatric side-effects, notably increased rates of  on energy balance may be mediated via reduction in NPY-
depression, anxiety and suicide [57]. As our study shows that  ergic tonus, at least acutely. This is likely via indirect
actions of CB1 antagonism to reduce adiposity are attributable =~ mechanisms, because colocalization studies failed to detect
to an increased lipid oxidation, which is primarily mediated via ~ CB1 mRNA on NPY-positive neurons in the arcuate nucleus
peripheral mechanisms [4], a novel CB1 receptor antagonist  of the hypothalamus [4] or on NPY-positive neurons in key
that does not act in the central nervous system may be an  areas of the hypothalamus activated by acute administration
effective approach to treating obesity without psychiatric side-  of Rimonabant, as determined by induction of c-fos
effects as seen with Rimonabant. protein [36]. However, our results show that Rimonabant-
Interestingly, the additive effect of dual CBl and NPY  induced inhibition of spontaneous and fasting-induced feeding
signalling blockade to reduce adiposity is not because of  remained present in NPY~/~ mice, showing that CB1 and
additive effects on food intake. CB1 blockade by Rimonabant ~ NPY signalling regulate appetite independently. Furthermore,
in WT and NPY~/~ mice alike leads to reduced fasting-  CBI antagonism does not require the NPY system for its
induced and spontaneous food intake. However, these effects  effects on lipid oxidation, in keeping with our observation that
were only significant within 1-2h after administration of ~ Rimonabant enhanced lipid oxidation in both WT and NPY~/~
Rimonabant, and daily food intake was not altered by acute  mice. In contrast to its effects on food intake and lipid oxidation,
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CB1 antagonism appears to require intact NPY signalling for
effects on the HPA axis. Indeed, the Rimonabant-induced
increase in serum corticosterone levels seen in WT mice—also
seen in other studies [45] [46]—was abolished in NPY~/~
mice. Taken together, these findings suggest coordinated
involvement of the CB1 and NPY systems in the regulation
of different parameters that influence energy homeostasis.

It is likely that long-term CB1 antagonism results in
compensatory increases in hypothalamic NPY-ergic activity,
and this may in turn hinder the effectiveness of CB1 antagonism
to reduce adiposity in the longer term. There are reports
that although acute CB1 antagonism reduces hypothalamic
NPY expression or release [35,36], chronic administration of
Rimonabant to rats leads to an upregulation of hypothalamic
NPY expression [58]. This may be a compensatory response
to the effects of Rimonabant to reduce energy storage and/or
it may be secondary to the Rimonabant-induced increase
in circulating levels of corticosterone, which is known to
stimulate hypothalamic NPY expression [59,60]. Thus, the
greater reduction in fat mass induced by blocking NPY
signalling, in addition to blocking CB1 with Rimonabant,
may be due to prevention of this compensatory increase
in central NPY-ergic tonus. This highlights the importance
of targeting multiple interacting and compensating pathways
involved in regulating energy homeostasis to achieve more
effective weight/fat loss.

Finally, our data show that CB1 or NPY signalling blockade,
each separately or in combination, reduces adiposity without
concomitant loss of lean tissue mass or bone mass. This suggests
that pharmacological CB1 blockade has no adverse effect on
bone metabolism, but longer studies are required in light
of the low bone mass phenotype observed in CB1 knockout
mice [18].In contrast, our data show thatlack of NPY signalling
promotes a high lean body mass and increased bone mass, likely
via central and peripheral actions through Y2 and Y1 receptors,
respectively [28,30—-33,61]. This finding opens the possibility
that dual blockade of CB1 and NPY could protect against
possible CB1 antagonist-induced and/or weight loss-induced
loss of lean tissue and/or bone during antiobesity treatment.

This study also led us to develop a new, effective and
reproducible method of oral and voluntary administration to
mice. Thus, animals in this study were investigated in the
absence of drug administration-induced stress that is often
associated with procedures such as gavage or intraperitoneal
injection. This is of particular importance in investigating
the biological processes regulated by NPY, as stress is an
important modulator of NPY function [37]. Furthermore, this
new administration method may prove to be useful in the study
of drug pharmacokinetics in experimental animals under more
physiologically and clinically relevant conditions.

Taken together, this work showed a coordinated role of CB1
and NPY in the regulation of body composition and energy
homeostasis. CB1 and NPY may regulate appetite and fuel
oxidation via independent pathways, whereas effects of CB1
signalling on activity of the HPA axis may require the presence
of NPY. These coordinated actions lead to greater reductions
in body weight and adiposity by dual blockade of NPY and
CB1 than that seen after single blockade of either system.

Volume 12 | No. 7 [ July 2010

Importantly, these effects occur without reducing lean body
tissue mass or bone mass and likely involve additive actions
of CB1 and NPY blockade to promote lipid oxidation. These
findings open new avenues for more effective treatment of
obesity via dual pharmacological manipulations of the CB1
and NPY systems. In addition, our novel and effective method
for oral and voluntary administration of drug to rodents may
prove useful for studies investigating drug pharmacokinetics
and effects of oral drug treatment in rodents.
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