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RESEARCH ARTICLE

Inhibition of the endocannabinoid system reverses obese phenotype in aged
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Abstract

Sarcopenia, the age-related loss of skeletal muscle mass, is associated with lipid accumulation and anabolic resistance; phenom-
ena also observed in obesity and worsen when obesity and aging are combined. The endocannabinoid system (ECS) is overacti-
vated in obesity, but its role in aging obesity-related muscle dysfunction is unknown. The aims of this study were to evaluate the
effect of inhibition of the ECS by rimonabant (RIM) on the metabolic alterations induced by a high-fat high-sucrose diet and
on skeletal muscle mass/function in aged mice. Eighteen-month-old male mice were subjected to a control (CTL) or a high-fat
high-sucrose (HFHS) diet for 24 weeks. Mice were administered with saline or RIM (10 mg/kg/day) for the last 4 weeks of the
diet. Skeletal muscle function was evaluated by open-field, rotarod, and grip strength tests. Metabolic alterations in liver, adipose
tissue, and skeletal muscle were investigated by quantitative RT-PCR. Body mass was higher in HFHS mice compared to CTL
mice (48.0 ± 1.5 vs. 33.5 ± 0.7 g, P < 0.01), as a result of fat accumulation (34.8 ± 1.0 vs. 16.7 ± 0.8%, P < 0.01). RIM reduced body
fat mass in both CTL (�16%, P < 0.05) and HFHS conditions (�40%, P < 0.01), without affecting hindlimb skeletal muscle mass.
In HFHS mice, grip strength evolution was improved (�0.29 ±0.06 vs. �0.49 ±0.06 g/g lean mass, P < 0.05), and rotarod activity
was increased by �60% in response to RIM (45.9 ± 6.3 vs. 28.5 ± 4.6 cm, P < 0.05). Lipolysis and b-oxidation genes were upreg-
ulated in the liver as well as genes involved in adipose tissue browning. These results demonstrate that inhibition of the ECS
induces metabolic changes in liver and adipose tissue associated with a reversion of the obese phenotype and that RIM is able
to improve motor coordination and muscle strength in aged mice, without affecting skeletal muscle mass.

NEW & NOTEWORTHY In 24-month-old mice submitted to high-fat high-sucrose-induced obesity, inhibition of the endocannabi-
noid system by rimonabant reversed the obese phenotype by promoting adipose tissue browning and b-oxidation in the liver
but not in skeletal muscle. These metabolism modifications are associated with improved skeletal muscle function.

muscle function; obesity; rimonabant; sarcopenia; skeletal muscle

INTRODUCTION

Aging is associated with a gradual loss of physiological
functions and functional abilities of the body. The musculo-
skeletal system is more particularly affected by aging, and its
alterations result in a decrease in muscle mass/function,
called sarcopenia (1). Therefore, aging is characterized by a
reduction in the level of physical activity, which, combined
with defects in the use of energy substrates and/or high
nutritional intakes, will promote the accumulation of fat
mass and ectopic accumulation of lipids in peripheral tissues
such as skeletal muscle. This excessive accumulation of
fat in response to aging, diet, or obesity combined with

sarcopenia is called “sarcopenic obesity” (2) and involves an
increased risk of dismobility. The gradual loss of mobility
that results from this sarcopenia promotes the development
of metabolic syndrome, sedentary lifestyle, and increased
risk of falls. Furthermore, a low skeletal muscle mass/
strength is a predictor of morbidity and mortality (3, 4).
Therefore, prevention of this loss of mobility in aging is criti-
cal to maintain physical abilities at an advanced age and to
optimize the quality of life of the elderly.

The pathophysiology of sarcopenic obesity is complex and
involves alterations in a large number of mechanisms that
might explain the reduction of muscle mass and strength.
This includes type II muscle fiber atrophy and impaired
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control of muscle contraction by the nervous system and
thus muscle strength (5–7). Sarcopenia is associated with the
appearance of an anabolic resistance associated with a lower
response of protein metabolism to the effect of nutrients
(amino acids) and hormones (insulin) (8–10). In addition,
aging stimulates the infiltration of fat into skeletal muscle,
which in turn aggravates the development of sarcopenia (11),
and obesity promotes the accumulation of lipids in skeletal
muscle, which promotes insulin resistance and muscle wast-
ing (12, 13) and worsens the decrease in strength and muscle
performance in aged people (14).

Endocannabinoids (ECs) are defined as endogenous ago-
nists of cannabinoid receptors type 1 and 2 (CB1 and CB2). ECs
[such as anandamide and 2-arachidonylglycerol (2-AG)] and
ECanabolic and catabolic enzymes and cannabinoid receptors
constitute the EC system. The EC system participates in the
control of lipid and glucose metabolism at several levels, with
the endpoint of the accumulation of energy and fat (15). In the
case of excessive nutritional intakes, the EC system becomes
overactivated, which contributes to visceral fat accumulation
and to the onset of cardiometabolic risk factors that are associ-
ated with obesity and type 2 diabetes (15). Accordingly, phar-
macological inhibition of CB1 activity with rimonabant has
been shown to improve several featuresof obesity suchasover-
weight, insulin resistance, hyperglycemia, and dyslipidemia
both in humans (16, 17) and rodent obese models (18–20) and
to normalize adipose tissuemetabolism and reverse the devel-
opment of steatosis in obese mice (21). Besides its role in con-
trolling whole body energy metabolism, several studies also
demonstrated the involvement of the EC system in the control
of skeletal muscle development and function (22–25). For
example, 2-AG levels are reduced during myotube differentia-
tion in vitro, and activation of CB1 by 2-AGpreventedmyotube
formationwhile increasingmyoblast proliferation (22). CB1 an-
tagonism is able to prevent dexamethasone-induced atrophy
and to stimulate protein synthesis in vitro in myotubes (23)
and to prevent loss of mobility in mdx mice (a model of
Duchenne muscular dystrophy) (24). Finally, we documented
profound alterations of the EC system and of both circulating
and tissue levels of ECs in a ratmodel of sarcopenia associated
with loss ofmusclemass and function (25).

The aims of the present study were 1) to document the
metabolic adaptations of peripheral tissues (liver, adipose
tissue, and skeletal muscle) after CB1 antagonism in a model
of obesity induced by a high-fat high-sucrose diet in old
mice, and 2) to determine whether rimonabant treatment
was able to improve skeletal muscle function in this model.

MATERIALS AND METHODS

Animals and Ethical Approval

All experimental protocols were reviewed and approved
by the local ethics committee for animal experimentation
(CREFA Auvergne, Agreement No. 21250–2019062711554233)
and met the National Research Council’s Guidelines for the
Care and Use of Laboratory Animals. Eighteen-month-old
C57BL/6 male mice (Elevage Janvier, Le Genest Saint Isle,
France) were individually housed in plastic cages and main-
tained at 21–23�C with a 12:12-h light-dark schedule, given
free access to water and food, and followed up to age 24 mo.

Mice were fed a normal chow diet (CTL; 25% protein, 61%
carbohydrate, 14% fat, and 3.85 kcal/g; Safe-Diets, Augy,
France) or a high-fat high-sucrose diet (HFHS; 17% protein,
39.8% carbohydrate, 43.3% fat, and 4.78 kcal/g, INRAE, Jouy
en Josas, France) for 22 wk. After 18 wk of diet, mice were
maintained on CTL or HSHF diet and received either 10 mg/
kg/day of rimonabant or saline solution for 4 wk by oral ga-
vage. Rimonabant solution was extemporaneously prepared
in PEG400/Tween80/saline solution (30%/0.5%/69.5%, vol/
vol, respectively). For whole body composition analysis,
mice were placed in an EchoMRI-100 analyzer (Echo
Medical Systems LLC, Houston, TX) to determine fat and
lean body mass (g). Euthanasia was performed at 9 AM after
overnight fasting during which mice had free access to
water. Blood was collected by intracardiac puncture in
EDTA-coated tubes. Peripheral tissues (liver, adipose tissue,
and skeletal muscle were collected and immediately frozen
in liquid nitrogen and stored at�80�C until processing.

Rotarod Test

Motor coordination and performance were assessed by
using the accelerating rotarod test. Mice were trained to walk
on the rod with constant low-speed rotation (4 rpm) for 3
days with one trial per day (LE-8355, BIOSEB, Vitrolles,
France). For the accelerating test (4–40 rpm over 600 s),
three trials per test were performed during the test day, with
a 20-min interval between trials. The time until the mouse
fell from the rod was recorded automatically using the
Sedacom software (BIOSEB, Vitrolles, France).

Open Field Test

Open field tests were performed to allow the assessment
of the animal’s general exploratory locomotion in a novel
environment. The open-field apparatus consisted of an
arenamade with durable material nonabsorbent to the odors
(40 cm� 40 cm and 40 cm high) (BIOSEB, Vitrolles, France).
The floor of the arena was divided into three zones. Themice
were gently placed individually in a corner of the arena and
allowed to explore it freely. For each mouse, the locomotor
activity was evaluated by measuring total traveled distance
(cm), average speed (cm/s), and the duration of activity over
a 10-min test period that was recorded using a video tracking
camera. SMART Video Tracking software was used to auto-
matically analyze mouse movement. The arena was cleaned
with cotton soaked in 70% alcohol between eachmouse test.

Handgrip Test

Grip strength was assessed using a commercially available
force gauge (BIOSEB, Vitrolles, France) by the same investi-
gator. The apparatus consisted of a metal grid connected to a
force transducer. Each mouse was held by the base of its tail
and lowered toward the grid of a grip strength meter and
allowed to grasp it with its forepaws. The mouse was then
pulled steadily away from the rod by its tail until its grip
broke. Hindlimb grip strength in each mouse was measured
five times.

Plasma Analyses

Overnight fasting insulin level was measured by ELISA
(EuroBio, Courtaboeuf, France). Plasma levels of fasting
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glucose, triglycerides, nonesterified fatty acids (NEFA), and
cholesterol were determined using a Konelab 20 analyzer
(Thermo-Electron Corporation).

Determination of Triacylglycerol, Diacylglycerol, and
Ceramide Content in Muscle Tissue

Triacylglycerol, diacylglycerol, and ceramide species con-
tent was determined by high-performance liquid chromatog-
raphy-mass spectrometry after lipid extraction as described
elsewhere (26).

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted using Trizol reagent (Invitrogen)
according to the manufacturer’s instructions. RNA was
quantified by measuring optical density at 260 nm. The
concentrations of the mRNAs corresponding to genes of
interest were measured by reverse transcription fol-
lowed by real-time PCR using a Rotor-Gene Q (Qiagen)
system. One microgram of total RNA was reverse tran-
scribed using SuperScript III reverse transcriptase and a
combination of random hexamer and oligo-dT primers
(Invitrogen). PCR amplification was performed in a 20 μL
total reaction volume. The real-time-PCR mixture con-
tained 5 μL of diluted cDNA template, 10 μL of 2� Rotor-
Gene SYBR Green PCR master mix, and 0.5 μM of forward
and reverse primers. The amplification profile was initi-
ated by 5 min incubation at 95�C to activate HotStarTaq
Plus DNA Polymerase, followed by 40 cycles of two
steps: 95�C for 5 s (denaturation step) and 60�C for 10 s
(annealing/extension step). Relative mRNA concentra-
tions were analyzed using Rotor-Gene software. The rel-
ative abundance of mRNAs was calculated using the
2�DDCT method with 18S as a housekeeping gene. The pri-
mers used in the PCR are described in Table 1.

Statistical Analyses

Data are expressed as mean ± SE. Differences between
groups were analyzed with a two-way ANOVA. Post hoc com-
parisons were conducted with Tukey’s test. Statistical signifi-
cance was set at P< 0.05 for all analyses.

RESULTS

Body and OrganWeights

Baseline body weights of the different groups of mice were
comparable. After 18 wk of diets, the average body weight of
HFHS animals was increased by �35% compared with CTL
(47.4± 1.1 vs. 35.0±0.5 g, P < 0.01, Fig. 1A). This gain in body
weight was mainly attributable to a �300% increase in body
fat mass in HFHSmice (16.7 ±0.8 vs. 5.9 ±0.4 g, P< 0.01) and
a slight �10% increase in body lean mass (30.9 ±0.4 vs.
28.5±0.2 g, P < 0.01). From week 18 to week 22, in response
to rimonabant treatment, HFHS mice lost significantly more
body weight than HFHS mice receiving saline solution
(�9.5 ± 1.3 vs. �3.7 ± 1.5 g, P < 0.01, Fig. 1B). This loss of body
weight in response to rimonabant was also observed in CTL
mice (�1.4 ±0.4 vs. �0.3 ±0.6 g, P < 0.01, Fig. 1B). This loss
of body weight was reflected in fat mass, which was signifi-
cantly decreased in HFHS mice treated with rimonabant
compared to mice treated with saline. Indeed, while the sa-
line HFHS group had a nonsignificant fat mass loss of
approximately �20% (presaline, 16.3 ± 1.1 g vs. postsaline,
12.5 ± 1.2 g), the rimonabant HFHS group had a significant
decrease in body fat mass with an almost 50% loss of body
fat mass (prerimonabant, 17.2 ± 1.1 g vs. postrimonabant,
8.5 ± 1.1 g, P < 0.01). While food intake was not affected in
CTL mice in response to rimonabant, we observed a transi-
ently decreased food intake in the HFHS þ RIM mice as
compared to HFHSmice (Fig. 1C). Consistent with the loss of
body mass, the weight of gonadal and subcutaneous white
adipose tissues was reduced in rimonabant-treated CTL
mice (approximately equal to �20%, P = 0.08) and signifi-
cantly reduced in rimonabant-treated HFHS mice compare
to HFHS mice (Table 2). Analysis of the hindlimb muscles
revealed significant decreases in gastrocnemius, tibialis, and
quadriceps weight in rimonabant-treated CTL mice and in
the soleus of rimonabant-treated HFHS mice compared to
untreated mice (Table 2). Skeletal muscle diacylglycerol, cer-
amide, and sphingomyelin levels were unaffected and triac-
ylglycerol significantly increased in response to the HFHS
diet. Diacyglycerol, triacylglycerol, and ceramide levels were
not affected by RIM treatment (Table 3).

Table 1. Primer list for real-time quantitative PCR

Gene Name 5 0-Sense Primer-3 0 5 0-Antisense Primer-3 0

ACC1 ACCTGGTGGAGTGGCTGGAG ATGGCGACTTCTGGGTTGGC
Atrogin/MAFBx AAGCTTGTGCGATGTTACCCA CACGGATGGTCAGTGCCCTT
CPT1a GATGACGGCTATGGTGTTTCCTAC TCCCAAAGCGGTGTGAGTCTG
CPT1b TGGGACTGGTCGATTGCATC TCAGGGTTTGTCGGAAGAAGAA
FAT/CD36 TTGTACCTATACTGTGGCTAAATGAGA CTTGTGTTTTGAACATTTCTGCTT
FATP TTCTCGGAGTCTGGAATGCT CACAGAGGCTGTTCCTGCTC
HSL GTTACCACCCTGCAGTCCTC AATGGTCCTCTGCCTCTGTC
MCAD TTTCGGAGGCTATGGATTCAACAC TCAATGTGCTCACGAGCTATGATC
MuRF1 AGGTGTCAGCGCAAAGCAGT CCTCCTTTGTCCTCTTGCTG
PEPCK CCCGAAGGCAAGAAGAAATA CGTTTTCTGGGTTGATAGCC
PGC1a GAAGTGGTGTAGCGACCAATC AATGAGGGCAATCCGTCTTCA
PPARc CAAGAATACCAAAGTGCGATCAA GAGCTGGGTCTTTTCAGAATAATAAG
PRDM16 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG
18S CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT

ACC1, acetyl-CoA carboxylase 1; CPT1, carnitine palmitoyltransferase 1; FAT/CD36, fatty acid transport/CD36; HSL, hormone-sensitive
lipase; MCAD, medium-chain acyl-CoA dehydrogenase; MuRF1, muscle ring finger 1; PEPCK, phosphoenolpyruvate carboxykinase;
PGC1a, peroxisome proliferator-activated receptor-c coactivator-1a; PPAR-c, peroxisome proliferator-activated receptor-c; PRDM16, PR
domain containing 16.
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Serum Parameters

At the end of the experiment, fasted blood glucose levels
were similar in all diet and treatment groups. Insulin levels
were twice as high in response to the HFHS diet (Table 4).
Rimonabant treatment leads to a �40% and �45% reduction
in insulin levels in CTL andHFHSmice, respectively (Table 4).
Cholesterol and NEFA blood levels were both increased in
HFHS mice compared to CTL mice, while triglyceride levels
were unchanged (Table 4). Cholesterol, NEFA, and triglyceride
levels were unaffected by rimonabant in the CTL mice.

However, this treatment increased cholesterol and reduced tri-
glyceride andNEFA levels in HFHSmice (Table 4).

Muscle Function Tests

To evaluate motor coordination, mice were subjected to
the rotarod test. Rotarod performance was reduced by �30%
in response to the HFHS diet (Fig. 2A). We also observed a
decreased performance on the rotarod test for all the groups
of mice tested between the start and the end of the rimona-
bant/saline treatment (Fig. 2, A and B). At the end of the
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Figure 1. Body weight is reduced in
response to a 4-week oral treatment with
rimonabant. A: body weight in response to
a high-fat high-sucrose diet (HFHS) diet
and rimonabant treatment. B: body weight
variation in response to 4-week rimona-
bant treatment. C: daily food intake. P val-
ues were assessed by two-way ANOVA.
Bonferroni posttests were used to com-
pare replicate means by row. ��P < 0.01
vs. CTL; ^P< 0.05, ^^P< 0.01 vs. saline.

Table 2. Hindlimb skeletal muscle and tissue weight in mice submitted to HFHS diet and rimonabant

CTL 1 SAL CTL 1 RIM HFHS 1 SAL HFHS 1 RIM

Body weight, g 33.6 ± 0.6 31.9 ± 0.5 41.7 ± 1.6�� 36.2 ± 1.4$$
Gastrocnemius, mg 125.0 ± 2.7 115.9 ± 3.0$ 120.2 ± 3.2 117.4 ± 2.8
EDL, mg 11.1 ± 0.4 10.4 ± 0.4 10.1 ± 0.4� 9.6 ± 0.4�
Soleus, mg 9.5 ± 0.4 9.0 ± 0.4 9.2 ± 0.3 8.3 ± 0.3$
Tibialis, mg 49.7 ± 0.8 45.0 ± 0.9$$ 47.9 ± 1.2 46.7 ± 1.4
Quadriceps, mg 179.6 ± 8.0 165.3 ± 5.9$ 176.6 ± 11.4 161.9 ± 7.6
GWAT, mg 453 ± 49 348 ± 30 811 ± 85�� 524 ± 77$$
SWAT, mg 189 ±21 149 ± 12 659 ±84�� 441 ± 84��$$
Liver, g 1.32 ±0.04 1.34 ± 0.11 1.69 ±0.08�� 1.50 ±0.07$

Results are expressed as means ± SE. Mice were 24 months old. CTL, control; SAL, saline; RIM, rimonaban; EDL, extensor digitorum
longus; GWAT and SWAT, gonadal white adipose tissue and subcutaneous white adipose tissue. P values were assessed by two-way
ANOVA. Bonferroni posttests were used to compare replicate means by row. �P < 0.05, ��P < 0.01 vs. high-fat high-sucrose diet (HFHS)
vs. control (CTL); $P < 0.05, $$P < 0.01 rimonabant vs. saline.
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treatment, rotarod performance was unaffected by rimona-
bant in CTL mice [63.4±6.4 vs. 53.4±5.7 s, not significant
(NS)] but was ameliorated in HFHS mice (28.5 ±64.6 vs.
45.9 ±6.3 s, P < 0.05). To assess the strength of mice in
response to the HFHS diet and rimonabant treatment, mice
were subjected to a grip strength test before the start (week
18) and at the end (week 22) of the rimonabant treatment. As
shown in Fig. 2C, between the beginning and end of treat-
ment, the loss of grip strength corrected to the amount of
lean body mass in CTL and HFHS mice was similar
(�0.62±0.09 vs.�0.49±0.06 g/g lean body, NS). In response
to rimonabant, the decrease in grip strength was reduced by
�25% in CTL mice (�0.46±0.10 vs. �0.62±0.09 g/g lean
body; P < 0.1) and by �40% in HFHS mice (�0.29±0.06 vs.
�0.49±0.10 g/g lean body; P < 0.05). To evaluate voluntary
activity, mice were subjected to the open field test. Distance
traveled during the test was decreased in HFHS mice com-
pare to CTL mice, and unaffected by rimonabant treatment
in CTL and HFHS mice (Fig. 2D). Average gait speed was not
affected by the HFHS diet compared with the CTL diet, nor
by treatment with rimonabant (data not shown).

Gene Expression in Adipose Tissue

To investigate the effect of the HFHS diet and rimona-
bant treatment on adipose tissue, the mRNA expression of
genes involved in the transport of fatty acids [fatty acid
transport (FAT)/CD36] and their mobilization for use [hor-
mone-sensitive lipase (HSL)] was measured by RT-qPCR in
perirenal adipose tissue. The fate of fatty acids was also
studied by studying genes involved in b-oxidation [me-
dium-chain acyl-CoA dehydrogenase (MCAD) and carni-
tine palmitoyltransferase 1a (CPT1a)] and thermogenesis
[peroxisome proliferator-activated receptor-c coactivator-
1a (PGC1a) and PR domain containing 16 (PRDM16)]. FAT/
CD36 expression was increased twofold in response to

HFHS, and rimonabant treatment increased its expression
in both CTL and HFHS mice (Table 5). HSL mRNA expres-
sion was unaltered in response to HFHS but significantly
increased in CTL þ RIM and HFHS þ RIM conditions
(Table 5). CPT1b and MCAD mRNA expression was unal-
tered by the HFHS diet. However, CPT1b and MCAD
mRNA levels were increased in response to rimonabant in
both CTL and HFHS mice (Table 5). PGC1a and PRDM16
mRNA expression was unaffected in response to HFHS,
but PGC1a mRNA expression was twofold higher in
response to rimonabant in CTL and HFHS mice (Table 5),
and PRDM16 mRNA levels were twofold and threefold
higher in response to rimonabant in CTL and HFHS mice,
respectively (Table 5).

Gene Expression in Liver

To assess the effect of the HFHS diet and rimonabant on
carbohydrate and lipid metabolism in the liver, the mRNA
expression of genes involved in b-oxidation (MCAD and
CPT1a), lipogenesis and triglyceride synthesis [peroxisome
proliferator-activated receptor-c (PPAR-c) and acetyl-CoA
carboxylase 1 (ACC1)], and gluconeogenesis [phosphoenol-
pyruvate carboxykinase (PEPCK)] was measured by RT-
qPCR. CPT1a mRNA expression was increased in response
to HFHS. Its expression level was unaffected in response
to rimonabant in CTL mice but was significantly increased
in HFHS þ RIM mice (Table 5). MCAD mRNA expression
was unaffected by rimonabant in CTL mice, and the slight
increase observed in response to HFHS was exacerbated
by rimonabant in HFHS þ RIM mice (Table 5). ACC1
mRNA expression and PPARcmRNA expression were both
increased by HFHS and unaffected by rimonabant what-
ever the diet was (Table 5). Finally, PEPCK mRNA expres-
sion was unaffected by rimonabant in the CTL condition.
Its increased expression level in HFHS was partly reversed
by rimonabant in HFHS þ RIMmice (Table 5).

Gene Expression in Skeletal Muscle

We analyzed by RT-qPCR the effect of rimonabant on
the mRNA levels of genes involved in fatty acid transport
(FATP and FAT/CD36), b-oxidation (MCAD and CPT1b),
and proteolysis [muscle ring finger 1 (MuRF1) and Atrogin/
MAFBx] in gastrocnemius. Compared to CTL diet, the
HFHS diet induced a �50% increase in FATP expression
(P < 0.01) and a doubling of FAT/CD36 expression (P <
0.01), without rimonabant altering this expression (Table
5). This increase in fatty acid transport gene expression
was accompanied in HFHS mice by a �50% increase in
MCAD expression (P < 0.05) and a doubling of CPT1b
mRNA expression (P < 0.01). Again, rimonabant treatment

Table 3. Skeletal muscle lipid accumulation in response to HFHS and rimonabant treatment

CTL 1 SAL CTL 1 RIM HFHS 1 SAL HFHS 1 RIM

Diacylglycerols, mg/mg wet tissue 0.20 ±0.03 0.25 ±0.05 0.29 ±0.05 0.28 ±0.05
Triacylglycerols, mg/mg wet tissue 8.2 ± 1.6 9.2 ± 1.5 13.8 ± 2.1�� 14.5 ± 1.9��
Ceramides, nmol/g wet tissue 8.1 ± 1.3 12.2 ± 3.5 7.4 ± 1.0 8.7 ± 1.4
Sphyngomyelins, nmol/g wet tissue 32.8 ± 5.4 42.4 ± 7.5 28.3 ± 4.8 38.1 ± 6.0

Results are expressed as means ± SE. Mice were 24 months old. SAL, saline; RIM, rimonabant. P values were assessed by two-way
ANOVA. Bonferroni posttests were used to compare replicate means by row. ��P < 0.01, high-fat high-sucrose diet (HFHS) vs. control
(CTL).

Table 4. Metabolic parameters in mice submitted to
HFHS diet and rimonabant

CTL 1 SAL CTL 1 RIM HFHS 1 SAL HFHS 1 RIM

Insulin, ng/mL 0.71 ± 0.33 0.28 ±0.05$ 1.76 ±0.32� 1.00 ±0.37�$
Glucose, g/L 2.08 ±0.06 1.94 ±0.08 1.87 ± 0.22 2.00 ±0.21
Cholesterol, g/L 0.89 ±0.03 0.91 ± 0.02 1.47 ± 0.21�� 1.76 ± 0.16��
Triglycerides, g/L 0.58 ±0.07 0.57 ± 0.05 0.59 ±0.06 0.44 ±0.02�$
NEFA, mg/L 142.7 ± 14.1 141.9 ± 18.9 196.8 ± 19.7� 164.9 ± 11.2$

Results are expressed as means ± SE. Mice were 24 months
old. SAL, saline; RIM, rimonabant; NEFA, nonesterified fatty
acid. P values were assessed by two-way ANOVA. Bonferroni
posttests were used to compare replicate means by row. �P <
0.05, ��P < 0.01, high-fat high-sucrose diet (HFHS) vs. control
(CTL); $P < 0.05, rimonabant vs. saline.
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did not alter the expression of these mRNAs in either CTL
or HFHS conditions (Table 5). The HFHS diet induced a
significant increase in the expressions of both MurF1 and
Atrogin/MAFBx (P < 0.05), which were not altered by the
rimonabant treatment (Table 5).

DISCUSSION

The objective of this study was to investigate whether a
treatment with rimonabant (CB1 antagonist) was able to cor-
rect the obese phenotype in a context of high-fat high-su-
crose diet-induced obesity in aged mice and to determine
whether CB1 antagonism was able to improve skeletal mus-
cle mass and/or function in this model. We provide evidence
that rimonabant induces metabolic adaptations (e.g., insuli-
nemia) and molecular changes in liver and adipose tissue
associated with a reversion of the obese phenotype. We also
demonstrated that rimonabant was able to improve skeletal
muscle function in old obese and sarcopenic mice.

We observed that rimonabant strongly reduced the obesity
phenotype in old mice submitted to the HFHS diet. This is in
agreement with previous works conducted in HFD-diet adult
rodents showing that the rimonabant antiobesity effect was
associated with a normalization of adipocyte and liver
metabolisms and by increased b-oxidation (20, 21, 27, 28).
Reduction of adipose mass by rimonabant resulted from
enhanced lipolysis through the liver induction of enzymes of
the b-oxidation (27, 29). In the present study, we observed
that the evolution of CPT1 and MCAD mRNA expression

levels (b-oxidation major regulators) in response to the
HFHS diet and rimonabant treatment was tissue-dependent.
In the liver, the HFHS diet increased the expression of
CPT1a. Rimonabant further increased its expression and
increased the expression of MCAD mRNA. These data are in
agreement with those observed by Flamment et al. (29)
showing that rimonabant treatment leads to an improve-
ment of hepatic mitochondrial function by increasing sub-
strate oxidation and fatty acid entry into mitochondria for
the b-oxidation pathway. In adipose tissue, CPT1b and
MCAD mRNA levels were unchanged in response to the
HFHS diet but were increased in response to rimonabant. In
terms of energy production, the importance of adipose tissue
b-oxidation is very limited compared to that occurring in
liver and skeletal muscle. However, it is known that fatty
acid oxidation is required for the maintenance of the brown
adipocyte phenotype and thermogenic programming (30),
which can concur with the reduction of obesity by increasing
energy expenditure. The increased expression of PGC1a and
PRDM16 (adipose tissue browning markers) in response to
rimonabant we documented in adipose tissue support this
hypothesis. In this regard, the increased FAT/CD36 expres-
sion in response to rimonabant may promote the entry of
fatty acids into the adipocyte for the b-oxidation to support
adipose tissue browning and thermogenesis. Finally, expres-
sion of CPT1b and MCADmRNA was increased by the HFHS
diet in skeletal muscle, but rimonabant failed to modify
these expressions. In rat L6 myotubes in culture, a recent
study demonstrated that for rimonabant to increase muscle
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Figure 2. Effect of rimonabant on locomotor
activity and strength. A and B: muscle coor-
dination measured using rotarod before (A)
and after (B) 4-week oral rimonabant treat-
ment. C: variation in grip strength between
the beginning and the end of the 4-week
oral rimonabant treatment. D: voluntary
locomotor activity measured using open
field. P values were assessed by two-way
ANOVA. Bonferroni posttests were used to
compare replicate means by row. �P <
0.05, ��P < 0.01 vs. CTL; ^P < 0.05 vs.
saline.
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b-oxidation, glucose transporter Glut4 has to be overex-
pressed (31). The fact that obesity is known to reduce Glut4
expression in skeletal muscle (32) might have prevented
rimonabant from further increased CPT1b and MCADmRNA
expression and b-oxidation as observed in the liver.
Altogether, these data demonstrate that, in old mice, the
rimonabant-induced reduction of obesity is mainly attribut-
able to an increased fatty acid b-oxidation in the liver and to
increased energy expenditure through browning of the adi-
pose tissue.

Sarcopenia, the loss of muscle mass and function associ-
ated with aging, is closely associated with physical disabil-
ities (1). Furthermore, a higher rate of functional decline has
been reported in subjects with sarcopenic obesity, where
obesity and sarcopenia coexist (2, 33). In the present study,
we observed a slight reduction in skeletal muscle mass, yet
not significant, in response to HFHS. As such, our model
cannot be described as a model of sarcopenic obesity but
rather as a model of obesity in agedmice. Sarcopenic obesity
is not a function of age but rather results from the severity of
several factors, including inflammation, insulin resistance,
and skeletal muscle lipotoxicity. It is possible that in our
study the level of obesity achieved or its duration was not
sufficient to induce a level of insulin resistance, inflamma-
tion, or lipotoxicity severe enough to exacerbate the age-
associated loss of skeletal muscle mass. However, our analy-
sis of skeletal muscle function revealed that the HFHS diet
altered motor coordination and performance, exploratory
locomotion, and strength in aged mice. Rimonabant was
able to partly prevent this loss of motor coordination in the
HFHS mice. Similarly, the loss of grip strength was amelio-
rated in response to rimonabant in both CTL and HFHS

mice. Such a positive effect of rimonabant on skeletal muscle
function has been previously documented in mdx mice (a
model of Duchennemuscular dystrophy) (24).

How rimonabant improves skeletal muscle function in
our model of sarcopenic obesity is unclear. Obesity is corre-
lated to a reduction of muscle mass, impaired muscle repair,
and increased fibrosis, which impairs muscle function by
reducing motile and contractile functions (34). The regener-
ative potential of skeletal muscle relies on satellite cells and
fibro/adipogenic progenitors (FAP) (35). In conditions of
chronic low-grade inflammation, such as observed in aging
and obesity, satellite cells and FAP functions are impaired
leading to poor skeletal muscle regeneration and fibrosis
(35). Several studies demonstrated that the inactivation of
CB1 exerts potent antifibrotic effects in inflammation-driven
models of fibrosis (36–38). Further studies will be required to
determine whether the effect of rimonabant on the mainte-
nance of muscle function was associated with an antifibrotic
effect. The effect of rimonabant on the maintenance of mus-
cle performance in sarcopenic obesity may also result from
effects on skeletal muscle contraction. Indeed, endocannabi-
noids acutely modulate contraction strength in skeletal mus-
cle, through different mechanisms including the regulation
of neuromuscular transmission or the efficiency of excita-
tion-contraction coupling (39). For example, CB1 agonists
such as 2-AG and AEA reduced the acetylcholine release at
the presynaptic motor nerve terminal, a prerequisite for
muscle contraction, and the depolarization-induced release
of Ca2þ from the sarcoplasmic reticulum of the muscle fiber
(40–42). This suggests that obesity-associated overactivity of
the endocannabinoid system could induce such deleterious
effects on muscle contraction and that CB1 antagonist (e.g.,

Table 5. Real-time PCR quantification in adipose tissue, liver, and skeletal muscle

CTL 1 SAL CTL 1 RIM HFHS 1 SAL HFHS 1 RIM

Adipose tissue
FAT/CD36 3.68 ±0.79 6.23 ± 1.85$ 10.17 ± 2.60�� 22.00 ± 8.97��$
HSL 4.66 ±0.88 8.12 ± 1.88$ 5.14 ± 0.82 11.45 ± 3.81$
CPT1b 2.42 ±0.77 4.51 ± 1.48$ 1.69 ±0.69 6.75 ± 2.38$
MCAD 3.59 ± 1.03 6.07 ± 1.40$ 4.17 ± 1.08 13.82 ± 4.72$$
PGC1a 1.54 ± 0.49 2.80 ±0.67$ 0.97 ±0.30 2.23 ±0.72$
PRDM16 4.34 ± 1.00 8.17 ± 1.84$ 5.55 ±0.90 15.14 ± 3.45$

Liver
CPT1a 0.54 ±0.04 0.59 ±0.03 1.37 ± 0.18�� 2.19 ± 0.41��$
MCAD 0.71 ± 0.07 0.72 ±0.05 0.93 ±0.27 1.50 ±0.23$ (P = 0.07)
ACC1 0.77 ± 0.09 0.79 ±0.11 1.07 ± 0.13� 1.04 ± 0.08�
PPARc 0.58 ±0.05 0.59 ±0.05 2.09 ±0.49�� 1.69 ±0.37�
PEPCK 1.48 ±0.10 1.73 ± 0.12 2.85 ±0.46�� 2.04 ±0.3$ (P = 0.08)

Skeletal muscle
FATP 0.79 ±0.08 0.76 ±0.07 1.45 ±0.15�� 1.66 ±0.18��
FAT/CD36 0.97 ±0.10 1.04 ±0.05 2.28 ±0.27�� 2.15 ± 0.29��
CPT1b 2.57 ± 0.15 2.34 ±0.17 4.93 ±0.56�� 4.90 ±0.64��
MCAD 1.05 ±0.06 1.02 ±0.04 1.71 ± 0.15� 1.59 ±0.13�
MURF1 1.00 ±0.06 0.97 ±0.05 1.38 ±0.30� 1.52 ±0.25�
Atrogin 0.85 ±0.11 0.83 ±0.16 1.58 ±0.41� 1.54 ± 0.37�
Mice were 24 months old. Results are expressed as mean arbitrary units ± SE. Results of RT-PCR quantification in adipose tissue {fatty

acid transport [FAT/CD36; hormone-sensitive lipase (HSL)], b-oxidation [carnitine palmitoyltransferase 1b (CPT1b) and medium-chain
acyl-CoA dehydrogenase (MCAD)], adipose tissue browning [peroxisome proliferator-activated receptor-c coactivator-1a, (aPGC1a) and
PR domain containing 16 (PRDM16)], liver (b-oxidation CPT1a and MCAD), lipid metabolism [acetyl-CoA carboxylase 1 (ACC1), and perox-
isome proliferator-activated receptor-c (PPARc)], and carbohydrate metabolism [phosphoenolpyruvate carboxykinase (PEPCK)]} and
skeletal muscle {fatty acid transport (FATP and FAT/CD36), b-oxidation (CPT1b and MCAD), and proteolysis [muscle ring finger 1
(MURF1) and atrogin]}. SAL, saline; RIM, rimonabant. P values were assessed by 2-way ANOVA. Bonferroni posttests were used to com-
pare replicate means by row �P < 0.05, ��P < 0.01 vs. high-fat high-sucrose diet (HFHS) vs. control (CTL); $P < 0.05, $$P < 0.01 rimona-
bant vs. saline.
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rimonabant) could improve it. To our knowledge, no studies
attempted to characterize the effect of rimonabant on these
muscle parameters.
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