JOURNAL OF PHYSIOLOGY AND PHARMACOLOGY 2014, 65, 4, 487-496
www.jpp.krakow.pl

M. WIERUCKA-RYBAK, M. WOLAK, E. BOJANOWSKA

THE EFFECTS OF LEPTIN IN COMBINATION WITH A CANNABINOID RECEPTOR 1
ANTAGONIST, AM 251, OR CANNABIDIOL ON FOOD INTAKE
AND BODY WEIGHT IN RATS FED A HIGH-FAT OR A FREE-CHOICE HIGH SUGAR DIET
Department of Behavioral Pathophysiology, Institute of General and Experimental Pathology, Medical University of Lodz, Poland

High intake of fats and sugars has prompted a rapid growth in the number of obese individuals worldwide. To further
investigate whether simultaneous pharmacological intervention in the leptin and cannabinoid system might change food and
water intake, preferences for palatable foods, and body weight, we have examined the effects of concomitant intraperitoneal
administration of leptin and AM 251, a cannabinoid 1 (CB1) receptor antagonist, or cannabidiol (CBD), a plant cannabinoid,
in rats maintained on either a high-fat (HF) diet (45% energy from fat) or free-choice (FC) diet consisting of high-sucrose
and normal rat chow (83% and 61% energy from carbohydrates, respectively). Leptin at a dose of 100 µg/kg injected
individually for 3 subsequent days to rats fed a HF diet reduced significantly the daily caloric intake and inhibited body
weight gain. The hormone had no significant effects, however, on either caloric intake, body weight or food preferences in
rats fed an FC diet. Co-injection of leptin and 1 mg/kg AM 251 resulted in a further significant decrease in HF diet intake
and a profound reduction in body weight gain both in HF diet- and FC diet-fed rats. This drug combination, however, had
no effect on the consumption of high-sucrose chow. In contrast, 3 mg/kg of CBD co-injected with leptin did not modify leptin
effects on food intake in rats maintained on an FC or HF diet. None of the drug combinations affected water consumption.
It is concluded that the concomitant treatment with leptin and AM 251 attenuated markedly body weight gain in rats
maintained on high-calorie diets rich in fat and carbohydrates but did not affect preferences for sweet food.
K e y w o r d s : leptin, cannabinoid 1 receptor antagonist, cannabidiol, high-fat diet, free-choice diet, food intake, endocannabinoids,
energy expenditure

INTRODUCTION
Food intake and energy balance are controlled by complex
neuronal pathways including peripheral and central
neurotransmitter systems. Leptin is a key adipokine involved in
food intake regulation. This hormone affects multiple neural
circuits involved in the control of energy balance (1). Leptin
decreases food intake through the inhibition of orexigenic and
stimulation of anorectic pathways in the hypothalamic arcuate
nucleus and the medullary nucleus of the solitary tract (1-3).
Accordingly, leptin has been found to suppress food intake
stimulated by ghrelin (4) and to enhance the inhibitory effect of
cholecystokinin (CCK) (5), peptide YY (PYY) (6), glucagonlike peptide-1 (GLP-1) and its agonist, exendin-4 (7, 8) on food
consumption. Leptin was also demonstrated to contribute to
appetite regulation by the inhibition of behavioral responses to
palatable, especially sweet and fat foods (9, 10), including
sucrose-rich food (11). To date, however, very little has been
known about the effect of leptin on the intake of palatable food.
Independently of the effect on feeding behavior, the hormone
may cause a negative energy balance due to the stimulation of
energy expenditure, an event occurring even in leptin-resistant
obese animals (12).
The endocannabinoid system is another important regulator of
appetite that may be a target for obesity treatment (13).

Endocannabinoids stimulate food intake through homeostatic and
non-homeostatic mechanisms via the cannabinoid 1 (CB1)
receptor (14). Accordingly, CB1 receptor antagonists, such as
rimonabant, were shown to reduce appetite and body weight in
both obese humans and animals (15). In particular, inactivation of
the peripheral CB1 receptor was demonstrated to inhibit the intake
of high-carbohydrate and high-fat diet (16) as well as to reduce
motivation to work for palatable sucrose pellets (17) or chocolateflavored food in the rat (18). Similarly, cannabidiol (CBD), a
nonpsychoactive cannabinoid found in marihuana, has been
recently shown to diminish body weight gain in rats following
repeated administration (19), to attenuate hyperphagia induced by
the CB1 or 5-HT1A receptor agonists (20) and to contribute to the
anti-inflammatory effects of cannabis in the gastrointestinal tract
(21). Cannabidiol is known to act either as a CB1 receptor
antagonist, CB2 receptor inverse agonist, transient receptor
potential vanilloid-1 (TRPV1) agonist, G protein-coupled receptor
55 (GPR55) antagonist or 5-hydroxytryptamine (5HT) 1A and 2A
receptor agonist and 5-HT3A receptor antagonist (22).
Interestingly, obesity is characterized by the diminished
sensitivity to leptin (23) and overactivity of the endocannabinoid
system (24) and there is also a growing body of evidence that
endocannabinoids interplay with leptin to affect energy balance.
It seems that leptin inhibits tonically the activity of the
endocannabinoid system since impaired leptin signaling results
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in the increased hypothalamic content of endocannabinoids (25),
overexpression of CB1 receptor mRNA (26), and enhanced
bioelectrical response of hypothalamic neurons involved in food
intake regulation to cannabinoids (27) in rodents. A recent report
(28) shows that the anorectic response to leptin is mediated
entirely by the inhibition of the activity of the hypothalamic
endocannabinoid system thus confirming the importance of
interactions between leptin and endocannabinoids in food intake
control. Leptin was also found to enhance the inhibitory effect of
rimonabant on food intake in obese rats (29). However, in that
study, rimonabant was administered at a dose that was found to
cause drug tolerance on repeated injections. Similarly, leptin
dose employed by Boustany-Kari et al. (29), i.e., 500 µg/kg
body weight (b.w.), was relatively high compared to that
employed in our earlier study (8), where peripherally injected
leptin administered at a dose as low as 100 µg/kg was
demonstrated to decrease significantly food intake in rats.
Hence, the current study has been aimed at investigations on
possible synergistic effects of another CB1 receptor antagonist,
AM 251, and leptin administered at low doses on food intake
and body weight changes in rats maintained on different highcalorie diets, i.e., a high-fat (HF) and free-choice (FC) highsucrose diet. Additionally, using the FC paradigm, we have
checked whether these drug combinations might affect
preferences to highly rewarding sucrose-rich food. Since, to
date, there have been no studies on possible interactions between
leptin and CBD in terms of their effects on food intake and body
weight, such relationship was also tested.
MATERIAL AND METHODS
Animals
All procedures used in this study were reviewed and
approved by the Ethics Committee of the Medical University
of Lodz.
Male Wistar rats from our breeding stock (Medical
University of Lodz, Poland), weighing 250–350 grams were
used in the experiments. Each experimental group included 7 to
10 rats. During the experiments all the animals were housed in
individual, plastic cages and maintained on a 12:12 hour lightdark cycle (lights off at 6.00 p.m.), at 20–22°C with free access
to food and water as described below. Each rat received a
preweighed amount (100 g) of food and tap water in a calibrated
bottle every day throughout the experiment. The rats were
handled every day before the beginning of the experiment to
accustom them to experimental conditions.
Dietary composition
During the experiments, rats were maintained on either 45%
HF diet (Ssniff® EF R/M acc. D12451 (I) mod.; ssniff
Spezialdiaten GmbH, Soest, Germany) or an FC diet consisting
of standard (ST), pelleted rat chow (LSM, AGROPOL, Motycz,

Poland) and commercial pellets containing complex
carbohydrates, including 35 g sucrose per 100 g. In the freechoice study, both the standard and sweet chow were placed
together in a container in the lid of each cage. Since olfactory
cues play an important role in food preferences (30), we used
chocolate-flavored sweet chow. The nutrient composition and
energy content of each diet are shown in Table 1. All types of
feed were also enriched with vitamins and minerals.
Chemicals
Leptin (Bachem, Switzerland) was dissolved in 0.9% sterile
saline. AM 251 (1-(2,4-dichlorophenyl)-5-(4-methoxyphenyl)4-methyl-N-(1-piperidinyl)-1H-pyrazole-3 carboxamide; Tocris
Bioscience, UK) was initially dissolved in dimethylsulphoxide
(DMSO; SIGMA, St. Louis, MO, USA) and then diluted with
0.9% saline using cremophore (TWEEN 80; SIGMA, St. Louis,
MO, USA). The final concentrations of DMSO: saline:TWEEN
80 were 2:97:1 (v/v). Cannabidiol (2-[(1R,6R)-3-methyl-6-(1methylethenyl)-2-cyclohexen-1-yl]-5-pentyl-1,3-benzenediol;
Axon Medchem, Groningen, the Netherlands), was dissolved in
DMSO and then diluted with saline to the appropriate
concentration as indicated above. All drugs, including drug
combinations, were administered as a single injection at a
volume of 0.1 ml per 100 g b.w.
Leptin was used at a dose of 100 µg/kg which was found
previously to suppress standard food consumption (8) and extend
the anorectic action of peptide YY (6). AM 251 was injected at a
dose of 1 mg/kg that was shown recently to exert a synergistic,
inhibitory effect on food intake when administered together with
exendin-4 in rats maintained on a FC diet (31). A CBD dose used
in our study (3 mg/kg) was comparable to that found previously
to reduce body weight in rats (19).
Experimental procedure
The experimental protocol included 4 studies in which the
effects of leptin in combination with AM 251 or CBD on the
consumption of a HF or FC diet and water as well as body
weight changes were tested. At the beginning of the
experiments rats were placed in individual cages and switched
to a HF or FC diet. They were allowed to accustom to a new diet
for 2 days and then the baseline food/water intake were
recorded daily at 24 hour intervals for the next 3 days before
drug treatment. Thereafter, the rats received drug injections
once daily for 3 subsequent days as described below and
food/water intake were measured throughout this period 24
hours after each injection. Spilled feed was collected from the
bottom of the cages and taken into account when measuring the
remaining food every day. In each rat, body weight was
measured initially at the beginning of the experiment. Further
measurements were made at the end of the 3-day period before
drug treatment and, finally, 24 hours after the last drug
injection, i.e., 3 days later. The two latter values were then
compared with the initial body weight and the differences were

Table 1. Macronutrient composition (kcal%) and energy content in the standard, high-carbohydrate and high-fat diet.
Types of diets
(% of energy from different macronutrients)
Standard High-carbohydrate High-fat
Carbohydrates
61
83
35.0
Fat
11
9
45.0
Proteins
28
8
20.0
Total energy content (kcal/100 g)
260
380
513
Macronutrients/
Energy content
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referred to as body weight gain. All measurements and
injections were performed between 3.30 and 5 p.m.
In the first experiment, HF diet-fed rats, divided into 4 groups,
were injected intraperitoneally, once daily with either 0.9% saline,
100 µg/kg leptin, 1 mg/kg AM 251 or 100 µg/kg leptin + 1 mg/kg
AM 251 over a 3-day period. Immediately after injections, the
animals were placed in their cages with free access to food and
water. In the second experiment, rats, maintained on the HF diet
as above, were injected with either 0.9% saline, 100 µg/kg leptin,
3 mg/kg CBD or both for 3 days. Two further experiments were
performed on rats maintained on a FC diet. In the third and fourth
study, the rats were injected with either saline, leptin and AM251
alone and in combination or saline, leptin and CBD alone and in
combination as described in experiment 1 and 2, respectively.
Additionally, the basal consumption of normal rat chow was
measured in a separate group of rats fed ST diet only. These rats
underwent the same experimental protocol, i.e., they were kept
in individual cages with free access to ST food and water and
the daily food consumption was determined every 24 hours over
a 3-day period.
Statistical analysis
Data are presented as the means ± S.E.M. Food and water
consumption are expressed as mean daily consumption over the
3-day periods before and after drug treatment. Since rats
maintained on an FC diet received two kinds of feed with
different energy density, i.e., the ST and high-sucrose diet (see
above), food intake in these animals has been expressed both in
grams and calories. The results of the experiments were analyzed
with statistical software STATISTICA 10 (Statsoft, Cracow,
Poland). All the variables (food intake, water intake and body
weight) were graphically tested for normal distribution using
chi-square test which showed that the data were normally
distributed. A one-way analysis of variance (ANOVA) was
employed to compare the basal daily food consumption in rats
maintained on either the ST, HF or FC diet. The effects of drugs
on food and water intake and body weight changes in rats fed
high-calorie diets were analyzed using a two-way repeated

measures ANOVA. Bonferroni post-hoc multiple comparison
test was used to determine differences between groups when
significant primary effects (drug × time before and after
treatment) were found. The differences between groups were
considered to be significant when P£0.05.
RESULTS
Food intake and body weight changes
The mean basal food consumption in rats assigned to groups
maintained on either the ST, HF or FC diet is shown in Fig. 1.
A one-way ANOVA revealed that the type of diet affected
significantly the basal food intake as expressed in grams and
calories (F 2,383=4.5, P<0.05 and F 2,383=259.76, P<0.001,
respectively). Rats maintained on a ST diet and both highcalorie diets consumed similar amounts of food expressed in
grams. On the other hand, the caloric intake in animals fed the
ST diet was significantly lower than that found in HF or FC
diet-fed rats (both P<0.001). Rats presented with the HF diet
consumed also significantly more calories than those
maintained on the FC diet (P<0.001).
Figs. 2A and 2B present the effects of AM 251 and leptin on
food intake and body weight gain, respectively, in rats fed a HF
diet. A two-way ANOVA revealed significant main effects of
drugs (F3,71=6.3, P<0.001) and time (F1,71=46.71, P<0.001) on
the total daily caloric intake in these rats. The post-hoc analysis
showed that leptin injected individually decreased markedly
(P<0.001) whilst AM 251 did not affect caloric intake compared
to baseline values in each group. Co-injection of leptin and AM
251 resulted in a further reduction in food consumption as
compared with both leptin alone (P<0.05) and the control group
(P<0.01). The two-way ANOVA showed also significant effects
of drugs (F3,23=3.59, P<0.05), time (F1,23=4.92, P<0.05) and
drugs × time interaction (F3,23=16.87, P<0.001) for body weight.
Exposure of the saline-injected controls to the HF diet resulted
in the continuous body weight gain (body weight increment after
the treatment period was significantly (P<0.001) higher than that

Fig. 1. Basal daily intake of
standard (ST), high-fat (HF) and
free-choice (FC) diet expressed
in grams and calories. Data are
mean ± S.E.M.; number of
animals per group = 6–10.
*- P<0.05; **- P<0.001.
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Fig. 2. Effects of combined
treatment with leptin (LEP) and
AM 251 (AM) on the mean daily
caloric intake and body weight
gain in rats fed a HF diet.
Pretreatment (white bars) and
post-treatment (black bars)
values (panel A) were obtained
over the 3-day periods before
and after drug treatment,
respectively. Body weight (panel
B) was measured at the end of
the 3-day pretreatment period
and then 24 hours after the last
injection and compared with the
initial body mass obtained on
day “0”; the differences were
referred to as body weight gain.
The arrow indicates the day of
the first injection. Significant
differences were obtained in
relation to basal values in each
group
(b),
saline-injected
controls (c) and leptin-injected
rats (l). Data are mean ± S.E.M.;
number of animals per group =
7–10. *- P<0.05; **- P<0.01;
***- P<0.001; b- P<0.01;
bb- P<0.001; c- P<0.01; l- P<0.01.

measured at the end of the pretreatment period). In contrast,
body weight gain in rats treated with leptin or AM 251 injected
separately was inhibited because it did not differ significantly
from that observed during pre treatment period in both groups of
animals. On the other hand, leptin and AM 251 injected together
reduced significantly (P<0.01) body weight gain as compared to
baseline values in each group. Body weight gain in rats injected
with both leptin and the CB1 receptor antagonist was also
markedly attenuated in relation to rats treated with leptin only
and the controls (both P<0.01).
Figs. 3A and 3B show the effects of CBD and leptin on food
intake and body weight changes, respectively, in rats fed a HF
diet. ANOVA performed on these experimental data showed
significant main effects of drugs (F3,67=3.54, P<0.05) and time
(F1,67=55.77, P<0.001). Leptin and CBD injected either alone or
together reduced significantly food consumption when
compared to pretreatment values in each group (P<0.001,
P<0.01, P<0.01, respectively). There were no significant
differences, however, in caloric intake between rats treated

concomitantly with leptin and CBD and those treated with each
drug injected separately. On the other hand, only rats injected
with both leptin and CBD ate significantly (P<0.05) less HF
food than the controls. For body weight, ANOVA showed only a
significant effect of time (F1,22=95.25, P<0.001). Body weight of
the saline-injected control rats (Fig. 3B) increased significantly
(P<0.001) during the treatment when compared to pretreatment
values. A similar, significant (P<0.01) body weight gain was
observed in rats injected with CBD over the same period. On the
other hand, body weight increment in leptin-treated rats was
comparable with that observed during the pretreatment period
and this suppressant effect of leptin on body weight gain was
abolished by the simultaneous CBD injection.
Figs. 4 and 5 depict the effects of leptin co-injected with AM
251 or CBD, respectively, on food intake and body weight
changes in rats fed an FC diet. In AM 251- and leptin-treated rats
there were significant effects of drugs, time and drug x time
interaction (F 3,110=3.65, P<0.05; F1,110=29.54, P<0.001;
F3,110=5.41, P<0.01, respectively) on the total caloric intake.
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Fig. 3. Effects of combined
treatment with leptin (LEP) and
cannabidiol (CBD) on the mean
daily caloric intake and body
weight gain in rats fed a HF
diet. For explanation see caption
to Fig. 2. Significant differences
were obtained in relation to
basal values in each group (b)
only. Data are mean ± S.E.M.;
number of animals per group =
7–10. *- P<0.05; **- P<0.01;
***- P<0.001; b- P<0.01;
bb- P<0.001.

ANOVA showed that there were also significant effects of time
(F1,110=26.35, P<0.001) and drug x time interaction (F3,110=3.17,
P<0.05) on the total food intake expressed in grams. Rats treated
with AM 251 alone or AM 251 together with leptin consumed
less food as expressed in grams and there was no significant
difference between these two groups (Fig. 4A). Similarly, AM
251 injected alone and together with leptin reduced markedly the
total daily caloric intake (both P<0.001) and the difference
between these two groups was not significant (Fig. 4B).
Regardless whether injected individually or in combination, no
drug affected significantly the intake of high-sucrose chow albeit
leptin alone tended to increase its consumption. On the other
hand, ANOVA revealed that there was a significant main effect
of time on ST food consumption expressed both in calories
(F1,110=26.05, P<0.001) and grams (F1,110=30.67, P<0.001) in AM

251- and leptin-injected rats on the FC diet. Leptin injected
alone or together with AM 251 decreased markedly (both
P<0.05) intake of ST chow expressed in calories but not in
grams, the difference between these groups was, however, not
significant. For body weight, ANOVA revealed a significant
effect of drugs x time interaction (F3,29=10.88, P<0.001). Body
weight measured at the end of the treatment period tended to
increase in each control group of rats maintained on the FC diet
as compared to pretreatment values, the differences, however,
were not significant (Fig. 4C). AM 251 injected together with
leptin reduced significantly body weight gain as compared with
both pretreatment values in this group and the control group
(both P<0.05).
In rats maintained on an FC diet and injected with leptin and
CBD (Fig. 5), ANOVA revealed significant effects of time only
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Fig. 4. Effects of combined
treatment with leptin (LEP) and
AM 251 (AM) on the mean daily
caloric intake and body weight
gain in rats fed a FC diet.
Pretreatment (PRE) and posttreatment (POST) values (panels
A and B) were obtained over the
3-day periods before and after
drug treatment, respectively.
Body weight (panel C) was
measured at the end of the 3-day
pretreatment period and then 24
hours after the last injection and
compared with the initial body
mass obtained on day “0”; the
differences were referred to as
body weight gain. The arrow
indicates the day of the first
injection. Significant differences
were obtained in relation to basal
values in each group (b) and
saline-injected controls (c). Data
are mean ± S.E.M.; number of
animals per group = 7–10. Data
are mean ± S.E.M.; number of
animals per group = 7–10.
*- P<0.05; **- P<0.01;
***- P<0.001; b- P<0.05;
c- P<0.05.

for the total daily food intake expressed in calories (F1,113 = 6.22,
P<0.05) and grams (F1,113=10.89, P<0.01). For the mean daily
consumption of ST food expressed in calories, ANOVA revealed
a significant effects of time and drug × time interaction (F1,113 =
24.73, P<0.001; F3,113 = 3.07, P<0.05, respectively). The similar
effects were found for the mean daily consumption of ST food
expressed in grams (F1,113 = 22.13, P<0.001; F3,113 = 2.21,
P<0.05). On the other hand, ANOVA showed no significant
effects for high-sucrose food intake. The post-hoc analysis

showed that leptin and CBD administered alone or in
combination did not affect significantly either the total daily
food consumption or high-sucrose chow expressed in calories
and grams. CBD and leptin injected separately, however,
decreased the consumption of ST chow as compared with
baseline intake in these groups (P<0.01 and P<0.05 for values in
calories, respectively). This effect was abolished in rats treated
concomitantly with both drugs. There were no significant
changes in body weight gain in rats injected with leptin and CBD

493

Fig. 5. Effects of combined
treatment with leptin (LEP) and
cannabidiol (CBD) on the mean
daily caloric intake and body
weight gain in rats fed a FC
diet. For explanation see
caption to Fig. 4. Data are mean
± S.E.M; number of animals per
group = 7–10. Data are mean
± S.E.M.; number of animals
per group = 7–10. *- P<0.05;
*- P<0.01.

alone or in combination.
Water intake
The mean daily water intake in all experimental groups is
shown in Table 2. A two-way ANOVA revealed significant
effects of drugs (F3,112=4.51, P<0.01) and time (F1,112=11.84,
P<0.001) on water intake in rats maintained on an FC diet and
treated with AM 251 and leptin. In these rats, AM 251 inhibited
markedly water consumption as compared to basal values
(P<0.01) whilst leptin alone or together with AM 251 had no
significant effect on water intake.

DISCUSSION
In the present study, we have extended previous research (29)
on interactions between leptin and cannabinoids by examining the
effects of combined treatment with leptin and drugs affecting the
activity of the cannabinoid system, i.e., a CB1 receptor antagonist,
AM 251, and a phytocannabinoid, CBD, on food intake, food
preferences, and body weight in rats maintained on a HF or FC
diet. Our observation that the basal caloric intake in rats fed a HF
or FC diet was significantly greater than that found in rats fed a ST
diet only proved that both high-calorie diets were attractive for
rats and mimicked conditions leading to overfeeding in humans.
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Table 2. Effects of combined treatment with leptin and AM 251 or cannabidiol (CBD) on the average daily water consumption over
3-day periods before and after drug treatment in rats fed a HF or FC diet. Only AM 251 injected individually to rats fed a FC diet
diminished water intake as compared to pretreatment values. Data are mean ± S.E.M.; number of animals per group = 7–10. *- P<0.01.
Experiment/
Diet
Experiment 1/
High-fat diet

Experiment 2/
High-fat diet

Experiment 3/
Free-choice diet

Experiment 4/
Free-choice diet

Group of animals
Control
AM 251
Leptin
AM 251+Leptin
Control
CBD
Leptin
CBD+Leptin
Control
AM 251
Leptin
AM 251+Leptin
Control
CBD
Leptin
CBD+Leptin

Our finding that leptin injected individually to rats
maintained on an FC diet did not affect the total daily calorie
intake despite reduced caloric intake from ST chow suggests that
there was a “compensatory” increase in sweet chow intake
preventing significant changes in the total caloric intake. Indeed,
we found that leptin tended to increase the consumption of sweet
chow, the differences, however, were not statistically significant.
This is in contrast to an earlier report indicating that leptin
attenuated behavioral responses to food high in sucrose (17, 32)
but is consistent with a recent study demonstrating that the
rewarding value of sucrose may be enhanced at low leptin levels
(33). On the other hand, we found that leptin did not change
either the total daily food, sweet food or standard food intake
expressed in grams thus suggesting that the hormone is involved
in the control of quality rather than quantity of food consumed.
Our finding that leptin did not affect the total daily food intake
under FC paradigm is also consistent with results obtained by
Harris et al. (34) who found that leptin did not change the total
food intake in rats maintained on an FC diet providing that a
high-sucrose solution was one of the components of such a diet.
On the other hand, they demonstrated that the hormone decreased
the total energy intake in rats fed a no-choice, HF diet. Hence,
their results matched those obtained in our study. Accordingly to
the leptin-dependent effects on energy intake found in our study,
the hormone prevented body weight gain in rats on a HF diet but
failed to modify body weight in rats on an FC diet.
Our finding that AM 251 injected individually prevented
body weight gain in rats on a HF diet is consistent with that
reported by Judge et al. (35) at a similar (i.e., 0.83 mg/kg) AM
251 dose. The body weight-reducing effect of AM 251 occurring
despite the normal food intake in HF diet-fed rats may be likely
attributed to the increased energy expenditure, an event found in
rats treated with AM 251 (36). Other authors demonstrated,
however, that AM 251 suppressed the intake of both HF and
high-carbohydrate diets (35, 37) in the rat. Only the latter finding
is consistent with results of the present study. A recent report
indicates that AM 251 modulates the endocannabinoid pathways

Mean daily water intake (ml)
Before drug
After drug
treatment
treatment
31 ± 1
31 ± 1
27 ± 1
29 ± 1
30 ± 2
29 ± 2
29 ± 2
27 ± 2
31 ± 1
31 ± 1
28 ± 1
25 ± 1
30 ± 2
29 ± 2
28 ± 2
27 ± 2
37 ± 2
36 ± 2
38 ± 2
34 ± 2*
33 ± 2
32 ± 1
33 ± 2
28 ± 2
38 ± 1
35 ± 1
35 ± 1
34 ± 1
36 ± 2
33 ± 1
35 ± 2
31 ± 2

in the rat brain in a diet-specific manner (38) and this might
account for differential effects of AM 251 on HF and highcarbohydrate food consumption observed in our study.
In contrast to each drug injected separately, the concomitant
injection of leptin and AM 251 resulted in a food intake and body
weight reduction both in animals fed a HF and FC diet.
Importantly, these effects were achieved using drug doses
substantially lower than those employed in a prior study on
interactions between leptin and a CB1 receptor antagonist in the
control of energy balance in the rat (29). This finding further
supports the idea that the combined treatment with anorectic drugs
used at low doses may be more beneficial than single drug
treatment in terms of effectiveness and, possibly, reduced risk of
potential side effects of each drug. The above drug combination did
not modify, however, the preference for sweet, high-sucrose diet.
On the other hand, CBD injected individually to rats
maintained on a HF diet caused an increase in body weight despite
significantly reduced food intake. It seems that this could result
from a depressant effect of CBD on the tissue oxygen consumption
(39). Likely, CBD decreased energy expenditure and, as a
consequence, body weight increased even though energy supply
was lower than normal. Previous studies on the effects of CBD on
food intake have yielded contradictory results. A number of studies
found that CBD administered in a broad dose range up to 80–100
mg/kg had no significant effect on food consumption in mice and
rats (40-43) whilst other demonstrated that CBD decreased food
intake (44, 45) and attenuated hyperphagia induced by CB1 and 5HT1A receptor agonists in rats (20). On the other hand, under the
FC paradigm, the intake of sucrose solution was found to be much
less affected by CBD than the regular chow intake (44), an event
occurring also in our study. The data on the effect of CBD on body
weight changes are scarce and, again, conflicting. CBD was found
to decrease body weight gain in young but increase in aged rats fed
a standard but not HF diet (19, 43). Hence, our finding that CBD
decreased intake of certain foods but was unable to reduce body
weight gain indicates the functional ambiguity of CBD in the
modification of energy balance.
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In contrast to AM 251, CBD did not modify leptin effects on
food consumption, food preferences or body weight changes in
FC diet-fed rats and abolished the leptin-induced inhibitory
effect on body weight gain in HF diet-fed rats. Hence, no clear
benefit of combined use of leptin and CBD on energy balance in
rats maintained on a HF or FC diet could be identified in our
study. The discrepant effects produced by AM 251 and CBD
injected individually or co-injected with leptin on energy
balance might result from their ability to modify the activity of
different receptors. For example, it is suggested that CBD alters
body weight through interaction with the CB2 receptor (19)
whilst AM 251-dependent reduction in body weight is attributed
mainly to the inhibition of the CB1 receptor (46). Alternatively,
differential effects of AM 251 and CBD on energy balance could
result from their opposite impact on energy expenditure. AM
251 (36) and leptin (47) were found to increase whilst CBD was
shown to decrease (39) oxygen consumption in rats indicating,
respectively, a stimulatory or inhibitory effect on energy
expenditure. Apparently, simultaneous administration of agents
increasing energy expenditure, i.e., leptin and AM 251, resulted
in a significant body weight reduction whilst the concomitant
administration of agents with the opposite action on metabolic
rate, i.e., leptin and CBD, did not affect body weight.
Importantly, the results of our study did not show any
significant effects of the tested drug combinations on water
intake irrespective of the dietary model. This finding is
consistent with our previous results which indicated that AM 251
administered together with exendin-4, a glucagon-like peptide
agonist, did not change water consumption although this drug
combination reduced both food intake and body weight in rats
(48). Moreover, we found that leptin abolished the inhibitory
effect of AM 251 on water consumption in rats maintained on an
FC diet indicating that the concomitant injection of leptin and
AM 251 affects selectively feeding behavior.
In summary, we have shown that the blockade of the CB1
receptor by AM 251 in leptin-treated rats inhibits excessive
intake of palatable, high-calorie foods and body weight gain in
rats more than would the drugs administered individually. This
drug combination does not modify, however, the preference for
palatable, high-sucrose chow. In contrast, co-injection of leptin
and CBD has not been found to suppress appetite and body
weight gain in rats fed high-calorie diets. Since long-term
feeding with high-fat high-fructose diet results in
cardiovascular and metabolic disorders (49), further
investigations should be aimed at examining possible sideeffects and effectiveness of the combined treatment with leptin
and CB1 receptor antagonists in obese animals fed a highcalorie diet over a longer period of time.
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