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The Endocannabinoid System
A New Target for the Requlation of Energy Balance and Metabolism

Jean-Pierre Després, PhD, FAHA

Abstract: Recent studies have provided evidence that the endocan-
nabinoid (EC) system has very significant effects on energy balance
and metabolism through the central control of appetite and by
affecting peripheral metabolism. Endocannabinoids are endogenous
phospholipid derivatives which bind and activate cannabinoid re-
ceptors type 1 and type 2 (CB, and CB, receptors). The CB,
receptor, a G-protein coupled receptor, is believed to be responsible
for the majority of the central effects of endocannaboids on appetite.
Chronic positive energy balance and obesity have been associated
with an overactivation of the endocannaboid system which has been
suggested to contribute to the development of abdominal obesity and
to associated metabolic abnormalities which increase the risk of
cardiovascular disease and type 2 diabetes. Animal studies had
shown that stimulation of the cannabinoid CB, receptor with endo-
cannaboids such as anandamide could induce first an increase in
food intake leading to body weight gain. Furthermore, an exciting
development in this field has been the discovery of CB, receptors in
many peripheral tissues, including key organs involved in carbohy-
drate and lipid metabolism such as the adipose tissue and liver.
Thus, blocking CB, receptors located in the liver and adipose tissue
could have an additional impact on the metabolic risk profile beyond
what could be explained by the reduction in food intake and the
related body weight loss. Preclinical studies have shown that rimon-
abant, the first CB,-receptor blocker to be available in clinical
practice, could not only induce a reduction in food intake, but could
also produce body weight loss beyond what could be explained by
its effect on food intake. Thus, the evidence from preclinical studies
have suggested that CB, blockade could represent a relevant ap-
proach to reduce food intake, to induce body weight loss, and, most
importantly, to “fix” the dysmetabolic state of viscerally obese
patients at increased cardiometabolic risk.

Key Words: cardiometabolic risk, CB, receptor, endocannabinoid
system, rimonabant, abdominal obesity

(Crit Pathways in Cardiol 2007;6: 46-50)

From the Québec Heart Institute, Québec QC, Canada.

Reprints: Jean-Pierre Després, PhD, FAHA, Hopital Laval Research Centre,
Hopital Laval, Pavilion Marguerite-D’Youville, 4th Floor 2725, Chemin
Sainte-Foy, Québec QC, G1V 4G5, Canada. E-mail: jean-pierre.
despres@crhl.ulaval.ca.

Copyright © 2007 by Lippincott Williams & Wilkins

ISSN: 1535-282X/07/0602-0046

DOI: 10.1097/HPC.0b013¢318057d4b4

here is now solid evidence to support the notion that the

endocannabinoid (EC) system has very significant effects
on energy balance and metabolism.! Moreover, it appears that
the EC system cannot only control appetite centrally but it
can also modulate carbohydrate and lipid metabolism through
its effect on peripheral tissues. ECs are endogenous phospho-
lipid derivatives (the 2 most studied being anandamide and
2-arachidonoylglycerol, [2-AG]) which bind and activate
cannabinoid receptors type 1 and type 2 (CB, and CB,
receptors). The CB, receptor, a G-protein coupled receptor,
has been shown to be responsible for the central effects of
endocannaboids on appetite. In normal conditions, the EC
system is activated on demand to reduce pain and anxiety,
modulate temperature, regulate blood pressure, inhibit motor
behavior and sedate, as well as to promote food intake. In the
presence of chronic conditions such as long-term overeating,
obesity, and smoking, the EC system becomes overactivated
and this state has consequences on numerous physiologic and
metabolic processes.

Recent pharmacological advances have led to the syn-
thesis of cannabinoid receptor agonists and antagonists. Such
discoveries have enabled the study of the physiological roles
played by the EC system and have led to the development of
new approaches that may have a significant role in the
management of high-risk abdominal obesity and potentially
for the prevention of cardiovascular disease and type 2
diabetes.

A brief history of how knowledge of the EC system has
evolved is provided and recent advances that have specifi-
cally linked the physiologic properties of the EC system to
metabolism are reviewed. Finally, the emergence of canna-
binoid receptor antagonism as a promising therapeutic alter-
native for treating abdominal obesity and cardiometabolic
risk is also discussed.

The Discovery of the EC System: Some
Historical Perspectives

In 1964, A-9-tetrahydrocannabinol was isolated and
identified by Rafael Mechoulam’s team as the active psych-
otropic constituent of Cannabis sativa.> Considered a recre-
ational drug in most parts of the world, cannabis exerts a wide
range of effects including analgesia, anti-inflammation, im-
munosuppression, anticonvulsion, alleviation of intraocular
pressure in glaucoma, attenuation of vomiting, and appetite
stimulation. However, the clinical application of cannabi-
noids has been limited by their psychoactive effects, thus
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FIGURE 1. Some key historical discoveries related to the EC
system.

leading to interest in the biochemical bases of their action.
Indeed, the EC system has been extensively studied by
academicians and industry scientists, resulting in contribu-
tions that have provided a greater understanding of how this
system works (Fig. 1).

Devane and coworkers® discovered the presence of
high-affinity cannabinoid-binding sites in the rat brain, which
led to the determination and characterization of a cannabinoid
receptor. This discovery was followed by the cloning of a
guanine-nucleotide—binding protein (G-protein)-coupled re-
ceptor (coined the CB, receptor), first from rats* and then in
man.” In 1992—28 years after A-9-tetrahydrocannabinol was
isolated—Devane and colleagues® discovered anandamide,
the first endogenous cannabinoid. The CB, receptor, which
was found not to be involved in the regulation of energy
balance but rather associated with immune function, was
cloned in 1993.7 In 1994, there was the characterization of the
first selective CB, receptor blocker rimonabant.® In 1995,
another endogenous cannabinoid, 2-AG, was also isolated
from the gut and in the brain.’

On the basis of these findings, it was hypothesized that
the nonpsychoactive effects of cannabinoids were either me-
diated centrally or through direct interaction with other non-
receptor proteins. This hypothesis led to the pursuit of ther-
apeutic targets and to the development of the first selective
CB, blocker, rimonabant.® The newly discovered compound
displayed affinity for the central cannabinoid receptor (CB,
receptor) but was found not to be active on the peripheral CB,
receptor.”

Thus, it is now understood that the EC system com-
prises a family of locally produced, short-lived, endogenous
phospholipid-derived ligands known as ECs. The 2 most
abundant ECs discovered to date, anandamide and 2-AG, are
produced on demand postsynaptically by neuronal cells.
These ECs, along with the G-protein coupled CB, receptor,
localize in several areas of the brain, including key areas in
the hypothalamus involved in the regulation of hunger,
appetite, and satiety. An exciting development has been
the discovery that the CB, receptor was also expressed in
other organs and tissues, such as the GI tract, the liver, and
adipose tissue, whereas CB, receptors are quite abundant
in immune cells.

Animal studies have shown that the stimulation of the
CB, receptor subtypes by ECs leads to the inhibition of
neurotransmitter release in central and peripheral neurons,
inducing numerous physiological responses such as food
intake and fat accumulation. Thus, by blocking the CB,
receptors, the effect of the elevated EC concentrations ob-
served in animal models of obesity can be substantially
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reduced. In view of the potential impact of EC system
modulation, the CB, receptor was therefore considered as a
possible therapeutic target for human pharmaceutical inter-
vention.

Modulating the EC System: Impact on Energy
Balance
CB, Agonism

The psychoactive constituent of cannabis, A-9-tetrahy-
drocannabinol, also known as dronabinol, has been used to
promote appetite in some clinical situations requiring stimu-
lation of food intake. For example, dronabinol can be used in
anorectic cancer patients or in patients with AIDS in situa-
tions where severe body weight loss threatens the survival of
afflicted patients.

For instance, Beal and colleagues'® have published an
interesting study evaluating the effects of CB, agonism (us-
ing dronabinol) on appetite and weight in a sample of 139
patients with AIDS-related anorexia who had lost =2.3 kg of
body weight. Patients were randomized to receive 2.5 mg
dronabinol twice daily or placebo and were then asked to rate
their appetite, mood, and nausea on a 100-mm visual analog
scale 3 days weekly. After 42 days of treatment, the results
indicated that dronabinol therapy increased appetite when
compared with placebo. In fact, stimulating the CB, receptor
with dronabinol led to an average increase of body weight of
1 kg, which from an energy balance standpoint indicates that
these patients were in positive energy balance and gaining
some body fat.

In a phase 2 clinical trial, 19 patients with various
malignancies who had cancer-associated anorexia were
started on a regimen of dronabinol 2.5 mg 1 hour after meals
for 4 weeks.'! Evaluations for side effects, efficacy, accept-
ability, and satisfaction were conducted at 2 and 4 weeks. Of
the 18 evaluable patients, 13 reported an improved appetite,
suggesting again that CB; agonism with dronabinol was an
effective approach to stimulate appetite and food intake in
patients with advanced cancer.

These studies provide supporting evidence for CB,;
receptor stimulation leading to an increase in food intake.
One reason for this effect is attributed to the location of the
CB, receptors in key areas of the hypothalamus involved in
the regulation of hunger and satiety.

However, a chronic stimulation of the CB, receptor in the
brain could not only promote food intake and a positive energy
balance, but it may also lead to obesity and to related metabolic
abnormalities. In addition, the discovery of CB, receptors in
other peripheral tissues such as the liver and the adipose tissue
has allowed the study of the specific effects of CB, agonists on
these tissues. For instance, the powerful CB, agonist HU-210
was found to promote lipogenesis in the liver whereas such an
effect was prevented by pretreatment with the CB, blocker
rimonabant.'? The CB, receptors are also located in fat cells, and
their modulation has been shown to also cause metabolic
changes in adipose tissue. For instance, incubation of adipose
tissue with a CB, agonist has been shown to increase lipoprotein
lipase activity.'” These findings from animal studies are fully
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compatible with the expanded visceral adipose tissue mass and
with the low plasma adiponectin levels found in high-risk,
abdominally obese patients.'**' On that basis, one could put
forward the hypothesis that CB, blockade with rimonabant
could induce a reduction in food intake and weight loss through
a central effect, but that this class of drug could also reduce
lipogenesis in the liver and stimulate adiponectin production by
fat cells.**

CB Antagonism

Animal studies have shown that blocking the CB,
receptor or absence of the CB, receptor (CB; knockout mice)
was associated with reduced food intake in animals. Williams
and colleagues'> examined whether the EC anandamide
could induce overeating via a specific action at central CB,
receptors. Eighteen presatiated male rats received subcutane-
ous injections of anandamide (0.5, 1.0, 5.0, and 10.0
mg/kg) before 3-hour nocturnal food intake tests. In a
second series of intake tests, 8 rats received an anandamide
injection (1.0 mg/kg) preceded by injection of the CB,
receptor antagonist rimonabant (0.1, 0.5, and 1.0 mg/kg
SC). All doses of anandamide significantly increased food
intake, but in the presence of increasing doses of rimon-
abant, the hyperphagia previously observed with anand-
amide was completely blocked.

Another study conducted in presatiated rats adminis-
tered anandamide directly into the ventromedial hypothala-
mus.'® The rats received an intrahypothalamic injection of
anandamide followed by measurement of food intake at 3
hours postinjection. Similar to the study conducted by Wil-
liams and coworkers,'? this study demonstrated that anand-
amide induced food intake by stimulation of CB, receptors;
however, this effect was blocked in the presence of the CB,
receptor antagonist rimonabant.

Cota and associates'’ reported in a seminal paper that
the lack of CB, receptor in mice (CB, knockout mice) was
associated with a reduced food intake as well as with lean-
ness. The growth curves for the wild-type littermates and the
CB, knockout mice are depicted in Figure 2a. When com-
pared with wild-type mice, the CB, knockout mice exhibited
reduced spontaneous caloric intake and subsequent decreased
body weight. The authors also reported the presence of CB,
receptors in epidydimal adipocytes. One of their key findings
was the following: CB,-specific activation enhanced lipogen-
esis in primary adipocyte cultures. The absence of a CB,
receptor resulted in leaner mice than in wild-type animals and
analysis of body composition using nuclear magnetic reso-
nance imaging confirmed a markedly decreased body fat
mass and a slightly increased lean body mass in CB, knock-
out animals compared with wild-type mice (Fig. 2c¢).

The leaner body composition phenotype of CB, knock-
out mice compared with wild-type mice could not be ex-
plained by differences in food intake between the 2 groups of
animals. To reach that conclusion, Cota and colleagues'’
performed pair-feeding studies to test the possibility that
peripheral metabolic processes could also contribute to the
lean phenotype of CB,; knockout mice. Under pair-feeding
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FIGURE 2. Body weight and body composition of CB,
knockout mice. (a) Body weight curves in CB, wild-type
male mice versus CB, knockout mice starting at 3 weeks of
age. Each data point represents mean = SEM of 15 mice.
*P < 0.05 versus CB, wild-type littermates. (b) NMR imag-
ing performed in 16-week-old mice. White arrow indicates
visceral fat; black arrow, subcutaneous fat; T, testis; B, blad-
der. (c) Analysis of body composition by quantitative NMR.
Fat mass and lean mass expressed as percentage of the body
weight. The columns represent the mean = SEM of 15 CB,
wild-type and knockout mice, respectively. *P < 0.05 and
**P < 0.005 versus CB, wiId-t;/pe controls. Reproduced with
permission from J Clin Invest.

conditions, adult CB; wild-type remained fattier than CB,
knockout littermates. Thus, the lean phenotype observed in
the CB,; knockout mice must be attributed to peripheral
metabolic effects that are independent from the variation in
food intake.

In search of the mechanism responsible for the pe-
ripheral effects of ECs on energy balance and metabolism,
Ravinet Trillou and colleagues'® investigated the short-term
effects of rimonabant in mice subjected to a high-fat diet.
Over the 5-week treatment period, rimonabant induced a
transient reduction of food intake (—48% on week 1) and a
marked but sustained reduction of body weight (—20%) and
adiposity (—50%) in mice exposed to the high-fat diet.
However, the food intake of animals under treatment with the
CB, blocker rimonabant eventually returned to the value
found in placebo treated animals. Thus, the lower body
weight of treated animals at the end of the study could not be
attributed to an effect on food intake, suggesting a direct
metabolic effect of CB; blockade. Rimonabant had no effect
in CB, receptor knockout mice, which confirmed the impli-
cation of CB, receptors in the activity of the compound.
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The EC System and Adiponectin Secretion by
Fat Cells

As mentioned earlier, a remarkable development in the
understanding of the EC system was the discovery of CB,
receptor expression in fat cells.!” Also aforementioned, adi-
pose tissue, in addition to being an organ specializing in the
storage and mobilization of fat, is now recognized as a remark-
able endocrine organ producing numerous cytokines (adipo-
kines) among which we include adiponectin and TNFa.

Adiponectin is a specific adipose tissue-derived cyto-
kine that has recently received considerable significant atten-
tion in metabolic and epidemiological studies. In obese ani-
mals, adiponectin elicits the following properties: reduction
of body weight with no effect on food intake, induction of
fatty acid oxidation in muscles, decrease in hyperglycemia
and hyperinsulinemia, and improved insulin resistance.'” In
human subjects, a negative correlation between plasma adi-
ponectin levels and BMI, fasting insulin, triglycerides, and
insulin resistance has been noted.?® More specifically, when
indices of total adiposity and of body fat distribution are
measured, it has been reported that viscerally obese patients
are the subgroup showing the lowest plasma adiponectin
levels.?! Indeed, when we have compared plasma adiponectin
levels as well as metabolic risk variables in 2 groups of
equally obese patients with either low or high accumulation
of intra-abdominal adipose tissue, the obese patients with
little intra-abdominal or visceral fat were notably not char-
acterized by reduced concentrations of adiponectin.?! Only
obese patients with excess visceral adiposity were character-
ized by markedly reduced adiponectin levels. Although all
adiposity and adipose tissue distribution indices were nega-
tively correlated with plasma adiponectin levels, multiple
regression analyses revealed that visceral adipose tissue ac-
cumulation was the only independent predictor of adiponectin
levels. These results support the notion that adiponectin
concentration is influenced to a greater extent by visceral than
subcutaneous obesity. Considering the inhibiting effects of
ECs on the production of adiponectin by fat cells, the low
plasma adiponectin concentrations of viscerally obese pa-
tients provide indirect evidence of a chronically activated EC
system in visceral obesity.

Both TNFa and adiponectin have been shown to have
important metabolic properties. Although it is still not clear
whether TNFa induces systemic insulin resistance, it cer-
tainly does so in adipose tissue and inhibits the synthesis and
secretion of adiponectin by fat cells.?> Conversely, increased
concentrations of adiponectin could possibly play a protective
role against the aggression of adipose tissue by infiltrating
macrophages. In vitro data suggest that the properties of these
adipose tissue-derived cytokines are compatible with a ying-
yang role of these 2 cytokines in the regulation of the
cardiometabolic risk profile.?

Bensaid and colleagues®* have used reverse transcrip-
tion polymerase chain reaction (PCR) analysis of CB, recep-
tor mRNA expression in obese Zucker (fa/fa) rats. Total RNA
isolated from adipose tissues of these obese rats or their lean
littermates and from differentiated or undifferentiated adipocyte
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FIGURE 3. CB, blockade by rimonabant stimulates adi-
ponectin production in adipocytes. Subconfluent mouse adi-
pocytes were exposed or not (control) to various concentra-
tions of rimonabant (50-200 nM) every day for 4 days. The
chart shows the concentration-dependent effect of rimon-
abant on adiponectin protein level. *P =< 0.05; **P =< 0.01,
compared with control. Reproduced with permission from
Mol Pharmacol.?*

cells were reverse transcribed and submitted to PCR amplifica-
tion. The results showed that differentiated adipocytes and adi-
pose tissue expressed CB,; receptor mRNA, confirming the
findings previously reported by Cota and colleagues.'”

Relative quantification analysis also revealed an up-
regulation of the CB, receptor expression in adipose tissue of
obese rats, which was much higher than that observed in lean
rats. In differentiated adipose cells, the expression of CB,
receptor mRNA was at least 4-fold higher than that obtained
in undifferentiated adipocytes.**

Moreover, the addition of rimonabant (100 nM) to
subconfluent cultures of adipocytes induced a rapid and
strong increase in adiponectin expression. The stimulation
rate of adiponectin mRNA expression, compared with that of
control cultures, was 1.4- and 1.8-fold after 30 and 60
minutes of rimonabant incubation, respectively. After 4 days
of treatment, rimonabant increased the adiponectin levels in
adipocytes in a concentration-dependent manner (from 50 to
200 nM), with a maximal effect at 100 nM (Fig. 3)**. In
summary, the Bensaid study** showed that rimonabant not
only blocked the CB, receptor to limit fat accumulation in fat
cells, but it also stimulated adiponectin mRNA expression in
adipose tissue in obese rats. From the above observations,
CB, blockade with rimonabant could be especially helpful
not only to induce a reduction of food intake and body weight
loss, but even more importantly to alter liver and adipose
tissue metabolism while boosting adiponectin production by
fat cells among high-risk abdominally obese patients who have
an excess mass of visceral adipose tissue, low adiponectin levels,
and the whole cluster of atherogenic and diabetogenic abnor-
malities that we often refer to as the metabolic syndrome.

CONCLUSION
The EC system is an endogenous and physiological
system which plays a key role in the regulation of food intake
and fat accumulation as well as in the control of lipid and
glucose metabolism. An overactivated EC system in the
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context of chronic overeating promotes fat accumulation,
alters adipose tissue adiponectin production, and may pro-
mote liver steatosis through increased hepatic lipogenesis.
Rimonabant selectively blocks CB, receptors centrally and
peripherally, including in adipose tissue, to help normalize an
overactivated EC system and its consequences on food intake
as well as on liver and adipose tissue metabolism, thereby
contributing to improve insulin sensitivity and other features of
the so-called metabolic syndrome. On that basis, targeting the
EC system may represent a novel approach to the management
of abdominal obesity and associated cardiometabolic risk.
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