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Review

The role of the endocannabinoid system
in the neuroendocrine regulation of
energy balance

Francisco Javier Bermudez-Silva1,2,3,4, Pierre Cardinal1,2 and
Daniela Cota1,2

Abstract
Animal and human studies carried out so far have established a role for the endocannabinoid system (ECS) in the regulation of energy balance. Here we

critically discuss the role of the endocannabinoid signalling in brain structures, such as the hypothalamus and reward-related areas, and its interaction

with neurotransmitter and neuropeptide systems involved in the regulation of food intake and body weight. The ECS has been found to interact with

peripheral signals, like leptin, insulin, ghrelin and satiety hormones and the resulting effects on both central and peripheral mechanisms affecting

energy balance and adiposity will be described. Furthermore, ECS dysregulation has been associated with the development of dyslipidemia, glucose

intolerance and obesity; phenomena that are often accompanied by a plethora of neuroendocrine alterations which might play a causal role in

determining ECS dysregulation.

Despite the withdrawal of the first generation of cannabinoid type 1 receptor (CB1) antagonists from the pharmaceutical market due to the

occurrence of psychiatric adverse events, new evidence suggests that peripherally restricted CB1 antagonists might be efficacious for the treatment of

obesity and its associated metabolic disorders. Thus, a perspective on new promising strategies to selectively target the ECS in the context of energy

balance regulation is given.
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Introduction

The central nervous system (CNS) is critical for the coordi-
nation of the molecular, metabolic and behavioural mecha-
nisms ensuring that the right nutrients get to the tissues when

they need them. A complex and integrated neuronal network
receives and integrates information about the type and quan-
tity of nutrients recently ingested through the gastrointestinal
tract, coordinates the use of energy substrates across various

organs, monitors stored levels of energy in the adipose tissue
and responds to external cues informing about food availabil-
ity and palatability, thus regulating food intake.

Two major categories of signals that arise from the periph-
ery have important effects on CNS circuits controlling energy
balance. The first category is given by ‘adiposity’ signals,

which include the hormones leptin and insulin, and that are
able to inform the brain about levels of stored energy in the
body (Morton et al., 2006). An important feature of adiposity
signals is their ability to directly access key structures in the

brain and therefore influence energy homeostasis. The second
category includes satiety signals that consist of several hor-
mones produced in the gastrointestinal tract, like cholecysto-

kinin (CCK), glucagon-like peptide 1 (GLP-1) and peptide
YY (PYY), whose levels rise during the meal and help deter-
mine satiety and consequent meal termination (Strader and

Woods, 2005). An exception to this category of signals is the

gastric hormone ghrelin, which increases before meals and
favours food intake and body weight gain (Wiedmer et al.,
2007).

Recent evidence has also highlighted how nutrients, and
particularly glucose, long-chain fatty acids and certain types
of amino acids, might work as signals directly informing the
CNS about the status of currently available energy (Cota

et al., 2007; Lam et al., 2005; Xue and Kahn, 2006).
In addition, several neurotransmitters and neuropeptides

contribute to energy balance regulation, by transferring

1INSERM U862, Avenir group ‘Energy Balance and Obesity’, Bordeaux,

France.
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information among different neuronal circuits. Some of these
latter signals are derived from modified amino acids, like glu-
tamate and g-aminobutyric acid (GABA), or biogenic amines,

like catecholamines, serotonin and acetylcholine. Others are
constituted by simple chains of amino acids; while certain
types of lipids, like steroids, have been long known to work
as CNS signalling molecules. Among the lipid-derived mole-

cules that work as intercellular signals able to affect energy
balance regulation, we now also have to include the endocan-
nabinoids, fatty acid derivatives that within the CNS work as

local neuromodulators able to directly regulate rate of release
of classical neurotransmitters.

The appetite-inducing effects of marijuana (Cannabis

sativa) have been known for centuries. However, these effects
were seriously taken into consideration in research only after
the discovery of the endogenous cannabinoid system (ECS),

which provided a physiological substrate for the action of
marijuana and its derivatives. This system includes at least
two cannabinoid receptors, specific endogenous ligands,
called endocannabinoids, and their biosynthesis and degrada-

tion pathways (Di Marzo, 2009; Katona and Freund, 2008).
The first cannabinoid receptor or CB1 was identified and

cloned after screening for the affinity of already characterized

orphan G-protein coupled receptors to the main psychoac-
tive component of marijuana, D9-tetrahydrocannabinol (D9-
THC) (Devane et al., 1988; Matsuda et al., 1990). The second

cannabinoid receptor or CB2 was cloned soon thereafter
(Munro et al., 1993). Both are metabotropic receptors coupled
to G-proteins of the Gi/o type and their transduction systems
include the modulation of several intracellular pathways

(reviewed by Howlett and et al., 2002). Among the two recep-
tors discovered so far, CB1 has been widely investigated for its
role in energy balance regulation (Di Marzo et al., 2009a;

Pagotto et al., 2006), emerging as a potential target for the
treatment of obesity (Cota, 2007; Di Marzo, 2008).

CB1 is widely expressed in the brain, including areas asso-

ciated with the regulation of energy homeostasis, like the
hypothalamus, the brainstem and the cortico-limbic system,
and is also present in metabolically relevant peripheral organs,

such as the liver, pancreas, muscle and adipose tissue (Di
Marzo et al., 2009a; Pagotto et al., 2006).

Endocannabinoids are polyunsaturated fatty acids deriva-
tives. So far, at least 5 endocannabinoids have been identified,

of which the N-ethanolamide of arachidonic acid, also known
as anandamide, and the glyceryl ester of arachidonic acid or
2-arachidonoylglycerol (2-AG) are the best characterized.

Anandamide and 2-AG biosynthesis involves cell membrane
phospholipids and specific enzymes (Di Marzo, 2009; Katona
and Freund, 2008). Within the CNS, endocannabinoids are

released immediately after their synthesis, act on CB1
mainly located presynaptically and are thereafter immediately
metabolized (Di Marzo, 2009; Katona and Freund, 2008).
Their degradation requires cellular reuptake and enzymatic

hydrolysis, which is under the control of a fatty acid amide
hydrolase (FAAH) for anandamide, and a monoacylglycerol
lipase (MAGL) for 2-AG (Di Marzo, 2009; Katona and

Freund, 2008). Although a putative transporter has not been
identified yet, there are several synthetic compounds that are
considered inhibitors of endocannabinoid cellular reuptake

(Di Marzo, 2009).

As briefly mentioned before, the ECS has attracted the
attention of researchers working in the field of energy balance
regulation, since synthetic compounds like the CB1 antago-

nist/inverse agonist rimonabant have shown potential for the
treatment of diet-induced obesity. Indeed, chronic pharmaco-
logical blockade of CB1 in animal models of obesity and in
humans not only decreases food intake and body weight, but

also improves lipid metabolism and insulin sensitivity (Cota,
2007; Di Marzo and Despres, 2009). These observations are
in agreement with data obtained from mice lacking CB1

(CB1-/-), which clearly demonstrated that the ECS is an
essential endogenous regulator of energy balance and
peripheral metabolism, whose actions on food intake and

body weight are dependent upon the functional expression
and activity of CB1 (Cota et al., 2003). Unfortunately, the
initial enthusiasm for the clinical use of rimonabant

(commercial name Acomplia) faded away because of the
important psychiatric side effects reported, which led to its
withdrawal from the European market in January 2009
(European Medicines Agency, 2009). Nevertheless, it is clear

that a better knowledge of the broad mode of action of the
ECS will potentially allow targeting the system in a more
selective and specific way, thus outweighing or reducing pos-

sible side effects. This review therefore provides an overview
of the recent advancements made in understanding the role of
this system in the neuroendocrine regulation of energy

balance.

The ECS, hypothalamic circuits and energy
balance regulation

Endocannabinoids and CB1 are produced and expressed in

the hypothalamus (Bisogno et al., 1999; Herkenham et al.,
1991), one of the main brain areas involved in the regulation
of energy balance (Morton et al., 2006). Remarkably,

although hypothalamic CB1 expression is among the lowest
in the brain, activation of the receptors shows high efficiency
and leads to profound effects (Breivogel and Childers, 1998).

First evidence of a role for the ECS in the hypothalamic
control of food intake came from studies demonstrating that
the systemic administration of D9-THC facilitated eating eli-
cited by electrical stimulation of the lateral hypothalamus

(LH) (Trojniar and Wise, 1991). In fact, peripheral as well
as intra-hypothalamic administration of endocannabinoids or
CB1 agonists increases food intake in rodents, an effect that is

prevented by pre-treating the animals with a CB1 antagonist
(Cota, 2007). In addition, hypothalamic 2-AG levels are
inversely correlated to the body’s energy status, increasing

during fasting and declining during refeeding (Kirkham
et al., 2002).

It is now well established that the activation of arcuate
nucleus (ARC) neurons expressing pro-opiomelanocortin

(POMC) and cocaine- and amphetamine-regulated transcript
(CART) decreases food intake and body weight (Cone, 2005;
Morton et al., 2006). Whereas, activation of ARC neurons

co-expressing neuropeptide Y (NPY) and agouti-related
peptide (AgRP) increases food intake and body weight
(Cone, 2005; Morton et al., 2006). Furthermore, these

neuronal populations can easily sense hormonal and nutrient
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signals coming from the periphery (Cota et al., 2007;
Lam et al., 2005; Xue and Kahn, 2006).

POMC and AgRP produced in the ARC oppositely reg-

ulate the activity of melanocortin receptors located in the
paraventricular nucleus (PVN), all together constituting the
hypothalamic melanocortin system (Cone, 2005). CB1 is
expressed on GABAergic terminals entering the ARC and

POMC cells constitutively produce endocannabinoids, which
inhibit GABA release onto POMC neurons (Hentges et al.,
2005); an effect that is, however, present only on a distinct

set of POMC dendrites that extend into preoptic hypotha-
lamic regions (Hentges, 2007). The food intake effects of
either CB1 agonists or antagonists do not require the mel-

anocortin system; conversely the intracerebroventricular
(icv) administration of a CB1 antagonist attenuates the
orexigenic effect of melanocortin antagonists, suggesting

that CB1 acts downstream from melanocortin receptors
(Verty et al., 2004). Melanocortin agonists administered
icv do not alter hypothalamic anandamide or 2-AG levels
(Matias et al., 2008b). While central administration of mel-

anocortin receptor antagonists produces a delayed increase
in hypothalamic endocannabinoid levels (Matias et al.,
2008b).

Using a rat hypothalamic explant model, it was also shown
that anandamide increases NPY secretion, an effect dependent
upon CB1 activation and consistent with the ability of endo-

cannabinoids to stimulate food intake (Gamber et al., 2005).
However, the CB1 antagonist rimonabant is equally active at
reducing food intake in wild type and NPY null mice (Di
Marzo et al., 2001), making it unlikely that endocannabinoids

modulate food intake through NPY.
Within the PVN, glucocorticoids, which have a known

orexigenic action, rapidly inhibit magnocellular (which pro-

duce vasopression and oxytocin) and parvocellular (which
produce CRH and thyrotropin-releasing hormone) neurons
by suppressing excitatory glutamatergic synaptic inputs

through retrograde release of endocannabinoids and CB1
activation (Tasker, 2006). Thus, glucocorticoids use a fast-
feedback mechanism relying on the activation of a specific

glucocorticoid membrane receptor, which leads to the modu-
lation of neuroendocrine responses involved in stress and
energy balance regulation via the ECS (Tasker, 2006).

Orexins and melanin-concentrating hormone (MCH) neu-

rons located in the LH have been also implicated in the regu-
lation of energy balance (Morrison and Berthoud, 2007). In
particular, orexins neurons might affect feeding behaviour by

modulating arousal (Yamanaka et al., 2003). Interestingly,
in vitro studies have shown that CB1 and orexin-1 receptors
are present as heterodimers/oligomers in intracellular vesicles

and that treatment with the CB1 antagonist rimonabant
blocks the ability of orexin A to activate intracellular path-
ways under the control of the orexin receptor (Ellis et al.,
2006). Furthermore, and similarly to what has already

reported about glucocorticoids action in the PVN, the ability
of both orexins and MCH to modulate neuronal excitability
seems mediated by retrograde endocannabinoid release (Haj-

Dahmane and Shen, 2005; Jo et al., 2005). Using patch-clamp
recording, Huang et al. (2007) have recently found that CB1
agonists inhibit orexin neurons while exciting MCH neurons.

These two opposite actions, which are CB1 dependent, are

respectively due to the attenuation of presynaptic glutamate
and GABA.

As a result, the effects of endocannabinoids as well as of

CB1 agonists and antagonists on energy balance might be
mediated by several of the neuronal circuits and neuropep-
tides described above. For instance, acute intraperitoneal
administration of rimonabant (5mg/kg) reduces food intake

and induces c-fos (a marker of early neuronal activation)
expression in several hypothalamic nuclei, including the
ARC, the PVN and the LH (Verty et al., 2009b).

Figure 1 summarizes the functional relationship of the
ECS, hypothalamic circuits and some peripheral signals par-
ticipating in energy balance regulation.

Clearly, the hypothalamus is not the only CNS structure
involved in such regulation. Information concerning the
availability and variety of food is processed in cortico-

limbic areas, which modulate responses to rewarding stimuli
(Berridge et al., 2010; Morrison and Berthoud, 2007). The
relationship between the ECS and the reward-related circuits
will be briefly illustrated in the following section.

The ECS, reward circuits and energy
balance regulation

The reward system able to process and integrate ‘liking’ (plea-

sure/palatability) and ‘wanting’ (appetite/incentive motiva-
tion) perceptions associated with the availability and variety
of food, comprises a series of synaptically interconnected cir-
cuits linking the prefrontal cortex, the amygdala, the ventral

tegmental area (VTA), the nucleus accumbens (NAc) and the
ventral pallidum. This integrated network connects forebrain,
hindbrain and midbrain areas with hypothalamic areas and is

thus able tomodulate feeding behaviour (Berridge et al., 2010).
Similar to what has already been reported for the hypo-

thalamus, fasting raises endocannabinoid levels in the rat

limbic forebrain structures, including the NAc (Kirkham
et al., 2002). Furthermore, direct administration of 2-AG
into the NAc shell, an area strongly linked to eating motiva-

tion, increases food intake in a CB1-dependent manner
(Kirkham et al., 2002). Intriguingly, the NAc shell is the
only cortico-striatal structure to send projections directly to
the LH, thus suggesting its unique relationship with a hypo-

thalamic area regulating food intake (Kelley et al., 2005). This
relationship could be functionally mediated by the ECS.
Administration of anandamide into the NAc shell in fact

induces c-fos expression in several hypothalamic nuclei,
including the LH, the dorsomedial nucleus and the PVN
(Soria-Gomez et al., 2007).

Another possibility is that the increase in endocannabi-
noids within the NAc shell might enhance pleasure from
food. Over time, several studies have pointed out the ability
of endocannabinoids or CB1 agonists to increase consump-

tion of palatable food, or conversely, the ability of CB1
antagonists to preferentially, although not exclusively, inhibit
the intake of palatable food (Cota et al., 2006). Using a taste

reactivity paradigm, Mahler et al. (2007) recently confirmed
that the ECS modulates palatability, by reporting that
anandamide microinjections into the medial part of the

NAc shell doubled the number of ‘liking’ reactions to
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intraoral sucrose in rats, without altering ‘disliking’ reactions
to bitter quinine.

In the context of the role of the ECS in modulating liking
responses to food, the interaction of the ECS with the endog-
enous opioid system should be highlighted. For instance,

there is considerable anatomical overlap among CB1, opioid
receptors and their respective endogenous ligands in brain
areas regulating food intake and reward mechanisms (Cota

et al., 2006). Additionally, the co-administration of sub-
threshold doses of naloxone and rimonabant suppresses
food intake to a much greater extent than the effect obtained
by the administration of each drug alone, thus pointing to a

synergistic interaction between opioid and cannabinoid
antagonists (Rowland et al., 2001).

Several studies have also implicated the ECS in the pro-

cesses underlying the motivation to obtain food. This role can
be in part explained taking into account the existing relation-
ship between the ECS and the mesolimbic dopaminergic

system.

Dopamine is considered a crucial mediator of the reward-
ing effects of food and drugs of abuse. Importantly, the dopa-

mine release induced by the exposure to a novel highly
palatable food (candied cherry) in the NAc shell is inhibited
by the systemic administration of the CB1 antagonist rimo-

nabant (Melis et al., 2007). Thus, exposure to palatable food
might increase endocannabinoid levels in the NAc shell, an
effect that in turn induces dopamine release in this brain area.

Accordingly, chronic exposure to a high-fat, palatable diet
decreases CB1 expression in the NAc shell, a phenomenon
that could be interpreted as the resulting effect of increased
endocannabinoid levels (Harrold et al., 2002). How the ECS

might actually affect dopamine release in the NAc shell is,
however, still matter of debate. A possibility is that endocan-
nabinoids acting mainly on CB1 receptors on the axon termi-

nals of glutamatergic neurons inhibit glutamate release, thus
inhibiting the GABAergic neurons that originate in the NAc
and project to the VTA, consequently disinhibiting VTA

dopaminergic neurons (Maldonado et al., 2006). Besides,

Figure 1. Functional relationship among the ECS, the neuroendocrine circuits and peripheral signals participating in the hypothalamic regulation of

energy balance. Intra-hypothalamic arrows denote projection pathways; dashed lines denote inhibition. For didactic reasons some intra-hypothalamic

neuronal populations and connections have been omitted. Please see the text for further detail. AgRP, agouti-related protein; ARC, arcuate nucleus;

CB1, cannabinoid type 1 receptor; CRH, corticotropin-releasing hormone; ECs, endocannabinoids; GABA, g-aminobutyric acid; Glu, glutamate; LH,

lateral hypothalamus; MCH, melanin-concentrating hormone; NPY, neuropeptide Y; POMC, pro-opio-melanocortin; PVN, paraventricular nucleus; 3 V,

third ventricle.
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endocannabinoids are synthesized by VTA dopaminergic
neurons and participate to the fine-tuned regulation of this
neuronal population. In fact, CB1 receptors are located on

presynaptic glutamatergic and GABAergic neurons in the
VTA, but not on dopaminergic neurons (Maldonado et al.,
2006).

In summary, the ECS influences feeding behaviour by

acting upon circuits located in both the hypothalamus and
cortico-limbic structures, with an overall net anabolic effect.
However, the role of the ECS in the CNS control of energy

balance might be far more complicated than it appears to
be. Bellocchio et al. (2010) have recently shown that the
CB1-dependent control of glutamatergic or GABAergic

transmission exerts opposite effects on short-term stimulated
food intake. In particular, the CB1-dependent acute inhibi-
tion of excitatory glutamatergic transmission contributes to

the well-known orexigenic effect of D9-THC; while inhibition
of inhibitory GABAergic transmission in the NAc mediates
an unforeseen hypophagic effect of the endogenous CB1 sig-
nalling (Bellocchio et al., 2010).

Finally, both hypothalamic and reward-related circuits
represent the target of the action of peripheral signals
involved in the control of energy balance, such as leptin,

ghrelin and satiety hormones. Their relationship with the
ECS will be further discussed below.

The ECS and leptin

As briefly mentioned before, the adiposity signal leptin plays
a critical role in energy balance regulation. In 2001, Di Marzo

et al. first described that leptin inhibits endocannabinoid
production in the hypothalamus (Di Marzo et al., 2001).
Conversely, hypothalamic endocannabinoids are increased

in genetically obese rodents lacking leptin or its receptor,
and treatment of these mice with a CB1 antagonist attenuates
their hyperphagia and retards their weight gain, implying that

ECS over-activity may be a contributing factor in some
animal models of genetic obesity (Di Marzo et al., 2001).
More direct evidence linking endocannabinoids and leptin

in the modulation of hypothalamic neuronal activity has
come from electrophysiological studies. In fact, the CB1-
dependent suppression of inhibition of orexigenic MCH
neurons in the LH is blocked by leptin, which, by reducing

intracellular calcium levels in MCH neurons, directly inhibits
endocannabinoid synthesis (Jo et al., 2005). In the same
fashion, leptin also blocks glucocorticoid-mediated

endocannabinoid release in the PVN (Malcher-Lopes et al.,
2006).

The relationship between the ECS and leptin in brain

reward circuits is at present poorly investigated. However, it
is known that leptin inhibits the mesolimbic dopamine system
by acting on both the LH and the VTA (Hommel et al., 2006;
Leinninger et al., 2009). Furthermore, obese rats with defec-

tive leptin signalling have increased CB1 expression and bind-
ing in reward brain structures, thus implying that the
increased motivation to eat that characterizes this animal

model might be due to a higher endocannabinoid tone in
reward-related brain areas (Thanos et al., 2008).

Notably, the ECS-leptin interaction is not only used in a

local way to integrate energy balance signals in the CNS but it

also acts on distant processes occurring in other metabolically
relevant organs, like the white adipose tissue. Indeed, admin-
istration of leptin in the medio-basal hypothalamus inhibits

white adipose tissue lipogenesis by engaging hypothalamic
phosphoinositide 3-kinase (PI3K) signalling, activating sym-
pathetic innervations on the adipose tissue and locally inhibit-
ing anandamide production (Buettner et al., 2008).

The ECS and satiety hormones

Gastrointestinal hormones like CCK, GLP-1 and PYY also
exert important functions in the context of energy balance, by
regulating meal duration and termination and inducing sati-

ety (Strader and Woods, 2005). This function relies on the
regulation of several neuroendocrine mechanisms, including
the modulation of vagal afferents and the activation of neu-

rons located in the nucleus of the solitary tract (NTS) in the
brainstem (Strader and Woods, 2005).

Unfortunately, very little is known of the possible relation-
ship between the ECS and satiety hormones. Recent studies

by Burdyga et al. (2004) have however demonstrated that
CB1 receptors expression in the vagal afferent neurons
(VAN) is increased in fasting and decreased after refeeding.

This decrease can be blocked by the administration of a
CCK-1 receptor antagonist. Conversely, the fasting-induced
increase in CB1 mRNA can be inhibited by peripheral CCK

administration (Burdyga et al., 2004). Interestingly, the down-
regulation of CB1 expression during refeeding is prevented by
the administration of ghrelin, suggesting a role for ghrelin in
blocking the CCK action on CB1 expression (Burdyga et al.,

2006; Burdyga et al., 2010). Furthermore, the effects of CCK
on CB1 expression can also be blocked by co-administration
of anandamide, while the fasting-induced increase of CB1

mRNA can be prevented by using the CB1 antagonist
AM281 (Burdyga et al., 2010). The latter finding thus implies
the existence of an autoregulatory mechanism for CB1

expression in the vagus. Apart from CCK, there might also
be a potential link between the ECS and PYY, since expres-
sion of Y2R, the receptor subtype mediating the anorectic

action of PYY (Batterham et al., 2002), and CB1 mRNAs
are oppositely regulated in the VAN (Burdyga et al., 2010).
Y2R mRNA expression is increased by refeeding or CCK
treatment, while high doses of anandamide are able to

block CCK-induced increase of Y2R expression (Burdyga
et al., 2010). To our knowledge, no link has been established
so far between CB1 and GLP-1; the only paper that explored

this issue found no modification of plasma GLP-1 levels fol-
lowing the administration of rimonabant in rats (Cani et al.,
2004).

The ECS and ghrelin

Ghrelin is the only gut hormone with a known orexigenic

action (Wiedmer et al., 2007). Because of the general similar
function played by the ECS and ghrelin in the regulation of
energy balance, their possible interaction has been the focus

of intense research in recent years. As described in the previ-
ous section, ghrelin prevents refeeding-induced downregula-
tion of CB1 expression in the VAN (Burdyga et al., 2006).

However, the first evidence of cross-talk between ghrelin and
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the ECS came in 2004, when a study by Tucci et al. showed
that a sub-anorectic dose of rimonabant was able to abolish
the orexigenic effect of an intra-PVN injection of ghrelin in

rats, thus hinting that endocannabinoids might mediate ghre-
lin’s action on food intake (Tucci et al., 2004). Indeed, later
studies have demonstrated that ghrelin increases hypotha-
lamic endocannabinoid content (Kola et al., 2008).

Importantly, hypothalamic endocannabinoids might then
participate in the activation of the AMP-activated protein
kinase (AMPK), an intracellular fuel gauge known to mediate

ghrelin’s action within the hypothalamus (Andrews et al.,
2008; Lopez et al., 2008).

On the other hand, systemic administration of the CB1

antagonist rimonabant reduces circulating ghrelin levels
(Cani et al., 2004), suggesting that the release of ghrelin
would be dependent on ECS activation. Indeed, the adminis-

tration of CB1 agonists or methanandamide (an anandamide
analog) in rats increases plasma ghrelin levels and ghrelin
secretion from gastric X/A-like cells (Zbucki et al., 2008).

Therefore, taking this evidence into account, it could be

proposed that endocannabinoids and ghrelin act synergisti-
cally in a feed-forward fashion, where each one would stim-
ulate the release and the activity of the other to increase

appetite and energy storage. In the periphery, endocannabi-
noids would favour ghrelin synthesis, whose release in the
blood and subsequent action in the hypothalamus would in

turn increase hypothalamic endocannabinoid content, acti-
vate CB1 and, by leading to an increase of hypothalamic
AMPK activity, ultimately stimulate food intake and body
weight gain.

The ECS in peripheral organs

Up to 2003, CB1 was thought to be exclusively located
within the CNS. Work by Cota et al. and Bensaid et al.
published in that year were the first to describe the functional

presence of CB1 on white adipocytes (Bensaid et al., 2003;
Cota et al., 2003). Furthermore, data obtained from zpair-
feeding studies also implied that mechanisms other than the

reduction in food intake might participate in the lean
phenotype of CB1-/- mice (Cota et al., 2003). Since then, the
role of the ECS in the regulation of lipid metabolism and use
of substrates by peripheral organs has been substantiated.

For instance, it has been shown that activation of CB1
receptors stimulates fat deposition by facilitating adipocyte
differentiation and increasing expression of adipogenic

enzymes and activity of the lipoprotein lipase (Bensaid
et al., 2003; Cota et al., 2003; Matias et al., 2006; Muccioli
et al., 2010). Interestingly, recent findings even suggest

that the ECS might participate in the control of the transdif-
ferentiation of the adipose tissue, since in vitro blockade of
CB1 directly promotes transdifferentiation of white adipo-
cytes into a mitochondria-rich, thermogenic brown fat phe-

notype (Perwitz et al., 2010). Accordingly, it has been
reported that pharmacologic or genetic CB1 blockade
increases mitochondrial biogenesis in white adipocytes via

an endothelial nitric oxide synthase mechanism (Tedesco
et al., 2008). These phenomena might in turn participate in
the increase in energy expenditure, fatty acid oxidation and

thermogenesis observed with the administration of CB1

antagonists in vivo (Cota et al., 2009; Herling et al., 2008;
Nogueiras et al., 2008; Verty et al., 2009a). However, limiting
the ability of the ECS to modulate energy expenditure solely

by engaging peripheral, local mechanisms is over simplistic.
In fact, it has been recently shown that mice selectively lack-
ing CB1 expression in forebrain neurons and with a 60%
reduction of the expression of the receptor in the cervical

sympathetic ganglia have a lean phenotype and are resistant
to diet-induced obesity (Quarta et al., 2010). This is due to an
increase in lipid oxidation and thermogenesis caused by an

enhanced sympathetic tone (Quarta et al., 2010).
Similarly to what was described for the white adipose

tissue, the activation of CB1 in hepatocytes induces the

expression of lipogenic enzymes, such as acetyl coenzyme-A
carboxylase-1 (ACC1) and fatty acid synthase (FAS), which
in turn increase de novo fatty acid synthesis and favour the

development of liver steatosis, particularly during exposure to
high-fat diets (Osei-Hyiaman et al., 2005; Osei-Hyiaman
et al., 2008). The role of CB1 within the hepatocyte seems
particularly important in the context of the regulation of

lipid metabolism, since mice lacking the receptor in hepato-
cytes, although still susceptible to diet-induced obesity, are
protected against liver steatosis, hyperglycemia, dyslipidemia

and insulin resistance (Osei-Hyiaman et al., 2008).
Much less defined is the specific role of the ECS within the

skeletal muscle and the endocrine pancreas. In isolated soleus

muscle, pharmacological blockade of CB1 improves both
basal and insulin-stimulated glucose transport activity, while
CB1 activation has the opposite effect (Lindborg et al., 2010).
Muscle cell cultures have also shown that the CB1 receptor

can affect the responsiveness of skeletal muscle toward insulin
through the modulation of the PI 3-kinase/PKB and the Raf-
MEK1/2-ERK1/2 signalling pathways (Lipina et al., 2010).

Given the critical role of the endocrine pancreas in guar-
anteeing glucose homeostasis, a set of recent investigations
has tried to uncover the function of the ECS in this organ.

Several studies have demonstrated the presence of CB recep-
tors (both CB1 and CB2) in rodent and human islets, with a
species-dependent degree of expression (Li et al., 2011). The

detailed physiological function of the ECS in the endocrine
pancreas has not been delineated yet, and the reader should
refer to reviews that have recently addressed this topic
(Bermudez-Silva et al., 2009; Li et al., 2011; Nogueiras

et al., 2009). Nevertheless, few reports indicate that CB recep-
tors modulate insulin secretion by regulating glucose-induced
calcium transients (Bermudez-Silva et al., 2009; Li et al., 2011;

Nogueiras et al., 2009). Whether this local action might then
have a relevant role in the maintenance of the glucose homeo-
stasis in vivo is not known.

Finally, apart from the relationship between the ECS and
gastrointestinal hormones that we have illustrated in previous
sections, and the ECS ability to regulate gastrointestinal
motility and secretion (Storr and Sharkey, 2007), recent evi-

dence suggests that endocannabinoid signalling might link
gut microbiota to the regulation of adipogenesis (Muccioli
et al., 2010). Gut microbiota are known to influence whole-

body metabolism and energy balance (Turnbaugh et al.,
2006). Muccioli et al. have demonstrated that gut microbiota
control the intestinal ECS tone, which in turn modulates gut -

permeability (Muccioli et al., 2010). In fact, CB1
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stimulation in a colonic epithelial monolayer cell model
increases permeability. This is associated with increased lipo-
polysaccharide levels, which exacerbate gut permeability and

ECS tone in both the gastrointestinal tract and the white adi-
pose tissue (Muccioli et al., 2010). In obesity, the ECS is
dysregulated (see also the following section); such dysregula-
tion at the level of the gatstrointestinal tract and adipose

tissue might therefore participate in the metabolic impair-
ments which characterize the obese condition.

Altogether, it is clear that the understanding of the ECS

role in metabolically relevant peripheral tissues has greatly
advanced during the past few years. Presently, however, the
relative contribution of CNS versus peripheral ECS in the

modulation of energy balance is still a matter of debate. As
will be further detailed below, peripherally restricted CB1
antagonists show hope for the treatment of obesity. An

important next step will be therefore to exactly define their
mechanisms of action.

The ECS, neuroendocrine dysregulation
and obesity

Obesity is characterized by the accumulation of excess body
fat, to a point that it is harmful for health. This condition is
associated with a plethora of neuroendocrine alterations of

which the most representative are the development of leptin
and insulin resistance at both peripheral and central level.
Thus, the ECS dysregulation extensively described in both
obese humans and animals in recent years (Di Marzo and

Despres, 2009) could be the result of neuroendocrine alter-
ations causally linked to hyperphagia, overweight and an
expanding waist.

For instance, it is important to mention again here that
genetic defects in leptin production or signalling lead to
increased endocannabinoid levels, particularly in the hypo-

thalamus (Di Marzo et al., 2001) and to increased CB1 bind-
ing in reward brain structures like the NAc (Thanos et al.,
2008). Moreover, it has been proposed that endocannabinoid

fluctuations in reward-related brain areas could modulate the
hedonic aspects of eating and might be elevated in obesity (Di
Marzo et al., 2009a). However, the presence and function of
an up-regulated ECS in brain reward circuits still deserves

further investigation. Complex and still under-investigated is
also the relationship between the action of endocrine signals
within the CNS and the modulation of the peripheral ECS. In

this context, it has been shown that intra-hypothalamic leptin
fails to suppress white adipose tissue anandamide levels and
lipogenesis when a CB1 agonist is systemically administered

(Buettner et al., 2008). Thus, the failure of leptin-driven path-
ways to restrain endocannabinoid levels in the adipose tissue
might contribute to the ECS over-activity observed in obesity
(Buettner et al., 2008).

While leptin resistance seems to have a key role in endo-
cannabinoid up-regulation in the hypothalamus and white
adipose tissue, insulin resistance is emerging as one of the

most important events related with the up-regulated periph-
eral endocannabinoid tone observed in obesity (Di Marzo
et al., 2009b; Matias et al., 2006; Murdolo et al., 2007). In

fact, a recent study carried out in humans suggests that

insulin negatively regulates circulating endocannabinoids
and, in particular, anandamide levels (Di Marzo et al.,
2009b). This phenomenon is inversely related to metabolic

predictors of insulin resistance and dyslipidemia (Di Marzo
et al., 2009b).

In addition, the decreased release of satiety hormones,
such as PYY, which is normally found in obesity (le Roux

et al., 2006) might also favour the maintenance of ECS acti-
vation in the gastro-intestinal tract, which in turn could sus-
tain further food intake. Interestingly, obese Zucker rats (a

model of genetic obesity characterized by important hyper-
phagia) not only have increased anandamide and 2-AG levels
in the duodenum as compared with lean animals, but they

also show an altered modulation of these endocannabinoids
in response to fasting/refeeding, and in particular they remain
elevated even after refeeding (Izzo et al., 2009).

Alternatively, there is also evidence pointing to a direct
over-activity of the ECS, which could causally lead to obesity.

Chronic overconsumption of high-fat diets causes
increased availability of polyunsaturated fatty acid precursors

for the synthesis of endocannabinoids (Berger et al., 2001).
Moreover, although increased endocannabinoid levels have
been found in several peripheral tissues and endocrine

organs, their onset, duration and extent of the increase closely
depend on the fatty acid composition of the diet (Matias
et al., 2008a). Under this scenario, the increased endocanna-

binoid levels derived from the diet would be maintained by
the obesity-induced leptin and insulin resistance, thus leading
to a chronically elevated endocannabinoid tone, able to rein-
force the hedonic properties of the food and favouring further

food intake (Di Marzo and Despres, 2009).
Additionally, genetic studies have been carried out assess-

ing CNR1 (coding for CB1 receptor) and FAAH polymor-

phisms in obese populations. Despite some conflicting results,
associations between polymorphisms in these genes and
abdominal obesity (Sipe et al., 2005), dyslipidemia (Baye

et al., 2008) or metabolic syndrome (Bordicchia et al., 2010)
have been described, which however suggest only a partial
and weak contribution to the obese phenotype. Possibly,

this genetic variation may influence obesity depending on
the diet (Aberle et al., 2008).

Independently from the reasons that lead to ECS over-
activity, and given that the ECS classically fine-tunes other

systems and pathways in response to environmental stimuli,
its dysregulation could be interpreted as the result of a local
inappropriate cell functioning caused by upstream molecular

events, which the ECS tries to compensate for.
Importantly, pharmacological antagonism of CB1 recep-

tors decreases body weight and improves key metabolic

parameters in both obese patients and animals (Cota, 2007;
Di Marzo and Despres, 2009), thus implying that at least
a dysregulated CB1 signalling is causally involved in the
vicious cycle underlying obesity and its related metabolic

consequences.

The ECS as an anti-obesity therapy target

Shortly after the discovery of cannabinoid receptors, specific
CB1 antagonists were developed. The first of these drugs was

SR141716A, also known as rimonabant (Rinaldi-Carmona
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et al., 1994). Chronic administration of this compound is
effective in reducing body weight and fat mass, while improv-
ing glucose homeostasis, insulin sensitivity and overall cardi-

ometabolic risk profile in obese rodents and humans (Cota,
2007; Di Marzo and Despres, 2009). However, concern over
neuropsychiatric side effects, including anxiety, depression,
and suicidal ideation, as well as probing editorials and critical

commentaries pointing to the use of non-validated or dis-
puted surrogate endpoints and lack of generalizability char-
acterizing the clinical trials testing rimonabant in obese

populations prevented its approval in the United States and
led to its withdrawal from the European market (Jones,
2008).

A great controversy in both the research community and
the pharmaceutical industry has then followed about the ther-
apeutic use of CB1 antagonists in obesity and related meta-

bolic disorders (Bermudez-Silva et al., 2010; Di Marzo and
Despres, 2009).

However, it should be pointed out once more that the ECS
is strategically positioned in all key points modulating energy

homeostasis and is able to directly affect relevant metabolic
functions in peripheral organs. Taking this evidence into
account, a new class of CB1 antagonists with decreased abil-

ity to pass the blood brain barrier is being explored as a
potential new tool to tackle obesity. In a recent paper by
Tam et al. it was shown that a new CB1 neutral antagonist

largely restricted to the periphery does not affect behavioural
responses mediated by CB1 in the brain, but it causes weight-
independent improvements in glucose homeostasis, fatty liver,
and plasma lipid profile in mice with genetic or diet-induced

obesity (Tam et al., 2010).
In addition to the CB1 antagonism approach there is

potential for other ECS-based therapy against obesity. As

discussed above, obesity is characterized by an up-regulated
ECS. Thus, pharmacological modulation of endocannabinoid
levels in obesity might provide a more physiological approach

than blocking CB1. In fact, CB1 blockade may induce a feed-
back loop driving endocannabinoid levels even higher, conse-
quently modulating the activity of other receptors, such as

CB2 and TRPV1 or the putative cannabinoid receptor
GPR55. The effects of this crossover activation cannot be
predicted. However, drugs targeting the enzymes responsible
for the synthesis and degradation of endocannabinoids could

be useful in counteracting the ECS over-activity. An example
of this kind of drug is the compound O-5596, a diacylglicerol
lipase inhibitor able to decrease endocannabinoid synthesis

and inhibit food intake (Bisogno et al., 2009). Another puta-
tive strategy for reducing endocannabinoid over-activity
could be by decreasing the availability of endocannabinoid

precursors. This possibility could indeed deserve further
investigation, since a diet enriched in (n-3) long-chain poly-
unsaturated fatty acids (PUFA) has been shown to decrease
endocannabinoid levels in the visceral adipose tissue, liver and

heart (Batetta et al., 2009).
Finally, given the tight control of energy balance, an effec-

tive therapy against obesity could rely on an adjunctive strat-

egy. This type of therapeutic approach could for instance
exploit the synergism between targeting an ECS-component
and other systems involved in the regulation of food intake

and body weight.

Concluding remarks

Animal and human studies carried out so far have clearly

established a role for the ECS in the regulation of energy
balance. Evidence has also been accumulated pointing to
the existence of a functional relationship between the ECS
and neuroendocrine mechanisms participating to the control

of nutrient intake, metabolism and storage. However, further
research is needed in order to clearly unravel the molecular
mechanisms underlying the functional cross-talk between

endocannabinoids and neuroendocrine signals in a tissue-
and circuit-specific manner, thus potentially helping deter-
mine the causes leading to ECS dysregulation in obesity

and the role played by this system in the pathophysiology
of this disease.

Growing evidence suggests that pharmacological inhibi-

tion of CB1 might prove beneficial in tackling obesity and
associated cardio-metabolic risk factors. Although first gen-
eration CB1 antagonists have proven to have an unsatisfac-
tory safety profile, a new class of compounds preferentially

targeting the ECS in the periphery might represent interesting
pharmacologic options for the treatment of metabolic disor-
ders in the near future. Their impact on the aforementioned

signals participating in the regulation of energy balance is at
present unknown.
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