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INTRODUCTION

Putting together this Special Issue of The Journal of Endocrinological Investigation was prompted by the 
need to provide a brief yet up to date overview of the endocannabinoid system and its potential therapeu-
tic implications in clinical praxis. The articles compiled in this issue should be of special interest to physi-
cians and scientists of different disciplines who only recently began to realize the importance of the endo-
cannabinoid system in many physiological processes and in the development and progression of several 
diseases. Rarely in the field of medicine has a novel class of drugs, such as the cannabinoid type 1 receptor 
(CB1 receptor) antagonists, generated such an intense interest in both the scientific community and the 
media, well before coming onto the market. For this reason, we believe that an issue dedicated fully to the 
endocannabinoid system, in which basic science is combined with clinical data, is urgently needed. 
Although the biology of cannabinoids and the variety of their central and peripheral actions have 
been studied for over half a century, these early findings have gone largely unnoticed by the 
overwhelming majority of physicians and scientists. The recent exploding growth in interest in the 
endocannabinoid system has followed some landmark discoveries. The story began back in 1964, 
when Δ9-tetrahydrocannabinol, the most important psychoactive component of Cannabis sativa, 
was identified. Thereafter, in the late 1980s high affinity, saturable radioligand binding sites for can-
nabinoids were identified in the brain. This was followed in the early 1990s by the cloning of two 
receptors for cannabinoids, namely CB1 and cannabinoid type 2 receptor (CB2). The existence of 
receptors to plant-derived substances in the mammalian brain led to the discovery of endogenous 
ligands, among which anandamide and 2-arachidonoyl glycerol have been the most extensively 
studied. These landmark discoveries, along with the subsequent development of highly selective 
CB1 and CB2 receptor antagonists, gave rise to an exponential increase in publications highlighting 
the potential role of the endocannabinoid system in physiological and pathological processes. 
The article in this issue by Mechoulam, who is widely considered the father of the endocannabinoid 
field, is aimed at summarizing the chemistry and pharmacology of the endocannabinoid system 
and providing a succinct overview of its potential pathophysiological functions. There is growing 
realization that the mechanisms involved in the biosynthesis and degradation of endocannabinoids 
represent important putative targets for pharmacotherapy, and the article by Di Marzo sheds light 
on this topic, highlighting its relevance and future implications for clinical practice. The very high 
level of expression of CB1 receptors in the brain coupled with the well known psychoactive proper-
ties of plant-derived cannabinoids gave rise to important recent discoveries into the mechanisms 
by which endocannabinoids modulate central nervous system functions. The extensive overview 
by Marsicano brings clarity to the important and complex mechanisms by which endocannabinoids 
act as key modulators of neuronal communication in the central nervous system. On reading this 
overview, it will become clear that the discovery of the endocannabinoid system represents a major 
advance in neuroscience. However, recent research has revealed that endocannabinoids also have 
important regulatory functions at the level of peripheral organs. Among the growing number of 
peripheral sites of action, we arbitrarily selected the gastrointestinal tract and the liver where the 
recently identified actions of endocannabinoids have raised the exciting prospect of novel thera-
peutic approaches. Accordingly, the manuscripts by Massa and Lotersztajn highlight the future po-
tential of targeting the endocannabinoid system for the treatment of diseases of the gastrointestinal 
tract and the liver, respectively. Furthermore, an impressive series of in vitro and in vivo data in 
experimental animals and the ensuing large scale clinical studies have demonstrated that blocking 
endocannabinoid action is a novel and powerful tool in the treatment of obesity and related comor-
bidities. It has become clear that endocannabinoids promote the development and maintenance 
of obesity not only by virtue of their orexigenic properties but also by potently controlling various 
metabolic functions. Recent studies have also uncovered a link between the state of obesity and a 
chronic and pathological overactivation of endocannabinoid tone. In this issue, reviews by Di Marzo 
and by Pagotto have attempted to summarize research findings that underlie the effectiveness of 
CB1 receptor blockade as a promising novel way to limit obesity and related disorders. A related 
important issue is the role of the endocannabinoid system in the increased cardiovascular risk asso-
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ciated with obesity, and in particular the abdominal type, a topic reviewed by Després in this issue. 
Finally, Van Gaal discusses the powerful action derived from the pharmacological blockade of CB1 
receptors as an emerging key component of the comprehensive treatment of visceral obesity and its 
multiple associated cardiometabolic abnormalities. These momentous advances are hopeful signs 
of a forthcoming new era in the pharmacotherapy of obesity. 

U. Pagotto, G. Kunos, 
G. Marsicano, and E. Ghigo 
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The chemistry of endocannabinoids

N.M. Kogan, and R. Mechoulam
Department of Medicinal Chemistry and Natural Products, Pharmacy School, Medical Faculty, 
Hebrew University, Jerusalem, Israel

ABSTRACT. Over the last two decades a new 
biochemical/physiological system, now known 
as the endocannabinoid system, was discovered. 
Two receptors, cannabinoid receptor type 1 (CB1 
receptor) and cannabinoid receptor type 1 (CB2 
receptor), have been well characterized and nu-
merous additional ones are in various stages of 
characterization. Two major endogenous ligands, 
anandamide and 2-arachidonoyl glycerol (2-AG), 
have been identified and an enormous amount 
of research has been reported on them. A few 
additional endocannabinoids have been identi-
fied, but at present our understanding of their 
physiological roles is limited. The biosynthesis 

and degradation of the endocannabinoids have 
been explored, but considerable gapes exist in 
our knowledge of these processes. In view of the 
plethora of physiological roles of the endocan-
nabinoid system, numerous academic and indu-
strial labs are making a considerable effort to 
develop novel drugs, both agonists and antago-
nists to the endocannabinoid receptors. In the 
present review, we shall try to give an overview 
of the chemistry of the endocannabinoids as well 
as of some synthetic molecules that affect the 
endocannabinoid system. 
[J. Endocrinol. Invest. 29 (Suppl. to no. 14): 1-12, 2006]
©2006, Editrice Kurtis

INTRODUCTION

Cannabis sativa L. preparations, such as mari-
juana, hashish and dagga, have been used in 
medicine for many centuries (1). Investigations 
on the chemistry of Cannabis began in mid-19th, 
following a major trend in chemical research 
then, which centered on the quest for active 
natural products. Numerous alkaloids were iso-
lated in pure form from various plants and many 
of them were fully or partially characterized. Mor-
phine, cocaine, strychnine and many others were 
purified and used in medicine. However, most of 
the terpenoids - a major class of secondary plant 
metabolites - to which the plant cannabinoids 
belong, were not isolated until the end of the 
century or even much later, and in many cases 
their purity was doubtful. 
In 1840, Schlesinger (2) was apparently the first 
investigator to obtain an active extract from the 
leaves and flowers of hemp. A few years later, 
Decourtive (3) described the preparation of an 

ethanol extract that on evaporation of the solvent 
gave a dark resin, which he named ‘cannabin’. 
For a detailed history of early Cannabis research 
see Ref. 4. The chemical research on the plant 
cannabinoids and their derivatives over nearly 
two centuries is described in Ref. 5. It was how-
ever not until 1964 that Δ9-tetrahydrocannabinol 
(Δ9-THC), the major psychoactive component 
of Cannabis was isolated in pure form and its 
structure was elucidated (6). Shortly thereafter 
it was synthesized and became widely available. 
These chemical advances led to an avalanche of 
publications and thousands of reports appeared 
on Δ9-THC, as well as on cannabidiol, a non-psy-
choactive plant cannabinoid (7). Surprisingly very 
little research effort has been made on the other 
Cannabis sativa constituents. They have been 
assayed for possible psychoactivity. When none 
was found, interest in them waned. 
It is now known that Δ9-THC, and related com-
pounds, exert a wide array of effects on the im-
mune (8, 9), digestive (10), reproductive (11, 12) 
ocular (13), cardiovascular (14, 15) and central 
nervous systems (16-18). Yet, for nearly 25 yr after 
the isolation of pure Δ9-THC and the elucidation 
of its structure, very little was known about its 
mechanism of action. In 1984, Howlett and Flem-
ing made the important observation that can-
nabinoids inhibit adenylate cyclase (19, 20), and in 

Key-words: Cannabinoid, endocannabinoid, chemistry. 

Correspondence: R. Mechoulam, PhD, Department of Medicinal Chemistry 
and Natural Products, Pharmacy School, Medical Faculty, Hebrew Univer-
sity, Jerusalem 91120, Israel. 

E-mail: mechou@cc.huji.ac.il
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1988, the same group discovered a specific, high 
affinity cannabinoid-binding site in rat brain (21). 
Soon thereafter cannabinoid receptor localization 
in brain sections from several mammalian species, 
including human, was achieved by authoradiogra-
phy (22) and the cannabinoid receptor gene was 
cloned (23, 24). This receptor was named can-
nabinoid receptor type 1 (CB1 receptor). In 1992 a 
second cannabinoid receptor, named cannabinoid 
receptor type 2 (CB2 receptor), was identified in 
the periphery, but not in the brain (25). 
The identification of cannabinoid receptors in the 
brain suggested the presence of endogenous lig-
ands. This situation paralleled our understanding 
of the morphine system some 15 yr earlier. Then, 
after the identification of opioid binding sites, a 
search for endogenous ligands was initiated by 
using radiolabeled opiates. The investigations 
led to the isolation of enkephalins, the first en-
dogenous opioids (26, 27). In the cannabinoid 
field too, after the discovery of CB1, the search 
for endogenous cannabinoids was initiated. As 
all plant and synthetic cannabinoids are lipid-
soluble compounds, the isolation procedures 
employed by our group were based on the as-
sumption that the endogenous ligands are lipids 
– which proved to be correct. In 1992 we pre-
pared a potent radiolabeled ligand (28), which 
made possible the isolation of the first endog-
enous cannabinoid, arachidonoylethanolamide 
(AEA, named anandamide) (29). This discovery 
led to a new phase of cannabinoid research. Like 
Δ9-THC, anandamide was shown to bind to both 
CB1 and CB2 (30-32). Over the last 14 yr, a con-
siderable amount of effort has been put into the 
clarification of the formation and degradation of 
anandamide and its physiological effects, as well 
as into the identification of additional endocan-
nabinoids.

ENDOCANNABINOIDS

Soon after the discovery of anandamide, it was 
shown that it can stimulate a specific cannabi-
noid receptor signal transduction pathway (33, 
34) and that its pharmacological activities to a 
large extend parallel those of the psychotropic 
plant cannabinoid Δ9-THC (35). The enzymatic 
activities that catalyze both the synthesis and the 
degradation of anandamide have been identified 
(36-38). It took a few additional years, until the 
isolation, cloning and expression of these enzy-
matic activities were reported. The enzyme that 
hydrolyses anandamide was named fatty acid 
amide hydrolase (FAAH) (39-41). As will be dis-

cussed later, this enzyme has become an attrac-
tive target for the synthetic chemists, as drugs 
that inhibit FAAH increase the levels of ananda-
mide (and other N-acylethanolamides). It seems 
quite possible however that the biosynthetic and 
degradative routes known so far are not the only 
ones that actually exist and additional ones are 
being explored by several groups. 
Two additional members of the anandamide 
family (likewise ethanolamides of unsaturated 
fatty acids) namely homo-γ-linolenylethanola-
mide (homo-γ-LEA) and docosotetraenyleth-
anolamide were isolated and identified from 
porcine brain in 1993 (42). They were also found 
to cause inhibition of adenylate cyclase and to 
produce behavioral effects typical of the can-
nabinoids (43, 44). In 1995 another endocan-
nabinoid, 2-arachidonoyl glycerol (2-AG), was 
identified. It was found to bind, like ananda-
mide, to both cannabinoid receptors (45, 46). 
Over the next several years, no new endocan-
nabinoids were isolated, however some very 
important components and actions of the endo-
cannabiniod system were discovered: 1) FAAH, 
the enzyme that hydrolyzes anandamide and 
other fatty acid ethanolamide; 2) an interaction 
between the cannabinoid and vanilloid systems 
was noted (47-49); 3) a putative anandamide 
transporter (50, 51) that leads to anandamide’s 
intracellular accumulation and thus to its enzy-
matic degradation was tentatively recognized 
and 4) synthetic antagonists to both receptors 
were prepared. Later all the components of 
the endocannabinoid system - the cannabinoid 
receptors, the endocannabinoid degrading en-
zymes and the anandamide transporter - were 
used as a targets to clarify the physiological 
roles of the endocannabinoids and to prepare 
novel therapeutic entities. 
The next endocannabinoid to be discovered was 
yet another type of endocannabinoid – an ether. In 
2001 2-AG ether, a novel endogenous agonist for 
CB1 receptor was isolated from porcine brain (52). 
The compound was named noladin ether. Original-
ly this ether was found to be a specific CB1 agonist, 
but later this endocannabinoid was found to be also 
a CB2 receptor full agonist (53). However another 
group could not detect noladin ether in the brains 
of some mammalian species (54). The explanation 
for the discrepancy may be its very low concentra-
tion in the brain or its specificity to certain geo-
graphic areas. In 2002 an endogenous antagonist 
at the CB1 receptor, O-arachidonoylethanolamine, 
named virodhamine, was found (55). Anoher en-
docannabinoid (and endovanilloid), N-arachido-
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noyldopamine (NADA), was identified in the same 
year (56, 57). The structures of endocannabinoids 
are presented in Figure 1.

ENDOCANNABINOID-RELATED COMPOUNDS

Apart from the endocannabinoids mentioned 
above, there are other related endogenous 
compounds that structurally resemble the endo-
cannabinoids. They are endogenous fatty acid 
derivatives: oleamide, oleoylethanolamide (OEA), 
2-oleoylglycerol (2-OG), stearoylethanolamide 

(SEA), palmitoylethanolamide (PEA), 2-palmitoylg-
lycerol (2-PG), linoleoylethanolamide (LEA) and 2-
linoleoylglycerol (2-LG). Arachidonoyl-aminoacids 
have also been identified in animal tissues. They 
are N-arachidonoylglycine (ARA-Gly), N-ara-
chidonoylalanine (ARA-Ala), N-arachidonoyl-γ-
butyric acid (ARA-GBA) and N-arachidonoylserine 
(ARA-Ser). The structures of these compounds are 
depicted in Figure 2; a high structural similarity 
between the endocannabinoids and these related 
compounds could be noticed. 
2-PG and 2-LG were shown to potentiate the 
action of endocannabinoid - a so called “entou-
rage effect” (58, 59). Later oleamide (60), OEA 
(61) and SEA (62) were found to show the same 
effect. Some of these endocannabinoid-related 
compounds are able to bind very weakly to can-
nabinoid receptors; others do not bind, but still 
possess partial cannabimimetic activity. PEA was 
first reported to bind CB2 receptors (63), as it 
inhibited cannabinoid binding to leukemia cells, 
however other groups found that CB2 binding was 
not detectable in other tissues (64). In view of this 
discrepancy, the observation that the analgetic ac-
tivity of PEA can be blocked by the CB2 receptor 
antagonist SR144528 is difficult to explain (65). It is 
possible that PEA binds to an yet uncharacterized 
binding site, related to the CB2 receptor.
Oleamide, a fatty acid amide originally found in 
the cerebrospinal fluid (CSF) of sleep-deprived 
cats, was found to have the same action in mam-
mals (66), an action that has also been recorded 
for anandamide (67). Oleamide possesses some 
cannabimimetic effects, and its pain-inhibiting 
activity can be blocked by a CB1 antagonist 
SR141716A (68), although originally it was found 
not to bind to cannabinoid receptors (69). Later 
some modest effect of oleamide on CB1 was 
observed (70). SEA, LEA and OEA also possess 
some cannabimimetic activity (71, 72). These 
three compounds were also found to bind to 
TPRV1 vanilloid receptors (73). The arachidonoyl 
amino acids were first identified in 2001 (74). 
They have some cannabimimetic properties, such 
as antinociception (74, 75).
Arachidonoyl-L-serine (ARA-S), the latest identified 
endocannabinoid-related compound, binds very 
weakly to the CB1 and CB2 receptors, but produces 
endothelium-dependent vasodilation and stimulates 
phosphorylation of MAP kinase (76). 
Should all the above compounds be defined as 
endocannabinoids? If the single criterion is sig-
nificant binding to either CB1 or CB2 , the answer 
should be negative. However over the last few 
years several new receptors have been detected, 

Anandamide (N-arachidonoylehtanolamide, AEA) 20:4, n-6

2-AG

7, 10, 13, 16-docosotetraenylethanolamide (“anandamide” 22:4, n-6)

Homo-γ-linolenylethanolamide (8Z, 11Z, 14Z-eicosatrienoylethanolamide,
 “anandamide” 20:3, n-6)

Vidoramine (O-arachidonoylethanolamine)

Noladin ether (2-arachidonoylglycerylether)

NADA (N-arachidonoyldopamine)
Fig. 1 - Endocannabinoid structures. 2AG: 2-arachidonoyl glycerol.
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but not yet cloned, which bind endocannabinoids 
and possibly some of the above endogenous ma-
terials, that do not bind to CB1 and CB2 (77). Hence 
the situation is quite fluid at the moment and it is 
too early to define the scope of the cannabinoid 
area. We would like to point out that the concen-
tration of some of these compounds in the body 
is much higher than that of endocannabinoids (78, 
79), but their range of activity is still obscure.

SYNTHETIC CANNABINOIDS, WHICH POSSESS 
AN ENDOCANNABINOID SKELETON
Cannabinoid receptor ligands
Shortly after the discovery of anandamide, numer-
ous synthetic fatty acid derived molecules, able to 
bind to cannabinoid receptors, were prepared (69, 

80, 81). Thus, mead ethanolamide was found to 
bind as effectively as anandamide to both CB1 and 
CB2 receptors (80), and can even be synthesized by 
the same enzymatic system (82), however its isola-
tion and distribution in brain and peripheral tissues 
have not been demonstrated. One of anandamide 
analogs synthesized by the Makriyannis’s group, (R)-
methanandamide, was found to possess a remarka-
ble stability to aminopeptidase hydrolysis (83). Soon 
after that some other alkylated derivatives were syn-
thesized. Numerous derivatives were prepared by 
Sheskin et al. (69). The structure activity relationship 
for binding to the CB1 receptor summarized in that 
publication is still mostly valid. They are:
 1.  In the 20:4, n-6 series, the unsubstituted amide 

is inactive; N-monoalkylation, at least up to a 
branched pentyl group, leads to significant bind-

SEA
Oleamide

OEA 2-OG

PEA 2-PG

LEA 2-LG

N-arachidonoylglycine N-arachydonoylalanine

N-arachidonoyl-γ-amino butyric acid N-arachidonoylserine

Fig. 2 - Endocannabinoid-related com-
pounds. SEA: steroylethanolamide; OEA: 
oleoylethanolamide; 2-OG: 2-oleoylglyc-
erol; PEA: palmitoylethanolamide; 2-PG: 
2-palmitoylglycerol; LEA: linoleoyleth-
anolamide; 2-LG: 2-linoleoylglycerol.
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ing. N,N-Dialkylation, with or without hydroxyla-
tion on one of the alkyl groups, leads to elimina-
tion of activity. 

 2.  Hydroxylation of the N-monoalkyl group at the 
carbon atom retains activity, as compared to the 
parent N-alkyl group. 

 3.  In the 20:x, n-6 series, x has to be 3 or 4; two dou-
ble bonds only leads to inactivation.

 4.  Alkylation or dialkylation of the R carbon adjacent 
to the carbonyl group retains the level of binding 
in thecase of anandamide.

Two synthetic structures chemically related to anan-
damide with high binding activity for the CB1 recep-
tor are ACEA and O-1812 (82, 84). Some FAAH in-
hibitors also possess some activity for CB receptors, 
as will be discussed below.
Cannabinoid receptor ligands of wide chemical di-
versity have been synthesized; the structures of some 
of them resemble the structure of tetrahydrocan-
nabinol, while many others are various heterocyclic 
compounds. The structures of endocannabinoid-like 
compounds that influence the endocanabinoid sys-

Mead ethanolamide (5Z, 8Z, 11Z - eicosatrienoylethanolamide) ACEA

O-1812

Laurysulfonylfluoride Stearylsulfonylfluoride

Diazomethylarachidonoyl ketone

Methylarachinodonoyl fluorophosphonate

Arachidonylsulfonyl fluoride

Arachidonyl trifluoromethyl ketone

1-oxazolo[4,5-b]pyridin-2-yleicosa-5Z, 8Z, 11Z, 14Z-tetraen-1-one

Arachidonoyl serotonin

O-2203

α-methyl-1AG

VDM11

AM1172

Methyldodecyl fluorophosphonate Oleoyl trifluoromethyl ketone

N-(acetoxyacetyl)pentadecylamine

Palmitoylisopropylamide

1-oxazolo[4,5-b]pyridin-2-yl-9Z-octadecen-1-one

N-(1-oxohexadecyl)glycine methyl ester

Hexadecyl propionate

Cyclohexyl hexadecanoate

OMDM-1

AM404

UCM707

R

Fig. 3 - Synthetic compounds, which pos-
sess endocannabinoid-like skeleton. The 
actions of these compounds are summa-
rized in Table 1.
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tem (ligands to CB receptors, FAAH inhibitors etc) are 
depicted in Figure 3, and their actions are summarized 
in Table 1. Although this review addresses endocan-
nabinoids only, we present Figure 4, which describes 
some synthetic compounds widely used in endocan-
nabinoid research. The main compounds are mixed 
CB1/CB2 agonists (for example HU-210, THC, WIN-
55212-2, CP-55910), CB1 antagonists (for example 
SR141716A), CB2 antagonists (for example AM-630, 
SR 144528) and CB2 selective agonists (for example 
HU-308). For recent reviews see Ref. 130-133.

FAAH inhibitors
FAAH is a central component of the endocannabi-
noid system, and it is widely used as a target for syn-
thetic compounds that block its activity, thus elevat-
ing endocannabinoid levels. As endocannabinoids 
are formed on demand, when and where needed, 
blocking their degradation will lead to enhancement 
of their levels mainly in specific brain (or tissue) areas 
where they have already been produced and are 
presumably needed.
Some example of irreversible inhibitors of FAAH are 
methylarachidonoyl fluorophosphonate (85, 86), dia-
zomethylarachidonoyl ketone (86, 87), laurylsulfonylflu-
oride (88), stearylsulfonylfluoride (88), methyldodecyl 

fluorophosphonate (89) and arachidonylsulfonylfluo-
ride (90). All these compounds also possess some 
affinity for the CB1 receptors. None of them have yet 
reached the clinical stage. The transition state inhibi-
tors of FAAH are arachidonoyl trifluoromethylketone 
(91) and oleoyl trifluoromethylketone (92), in which a 
carbonyl group of the fatty acid is replaced by trifluor-
omethyl group. While FAAH shows some specificity to 
anandamide it also causes hydrolysis of related amides 
and therefore high levels of such endocannabinoids, 
for example PEA, may inhibit endocannabinoid me-
tabolism by FAAH. Several such inhibitors have been 
prepared: palmitoyisopropylamide (93), N-(1-oxohex-
adecyl)-glycine methyl ester and N-(2-acetoxyacetyl)-
pentadecylamine (94). Other competing substrates of 
FAAH are amino acids amides of arachidonic acid and 
related compounds, such as arachidonoylserotonin 
(95). The conjugation of anandamide-like compounds 
to α-keto heterocycles provides some more FAAH 
inhibitors, such as 1-oxazolo[4,5-β]pyridin-2-yl eicosa 
5Z,8Z,11Z,14Z-tetraen-1-one (96) and 1-oxazolo [4,5-
β]pyridin-2-yl-9Z-octadecen-1-one (97). 

Monoacylglycerol lipase inhibitors
Monoacylglycerol lipase is the main enzyme that 
is responsible for brain metabolism of 2-AG (98, 

Table 1 - Compounds that influence the components of endocannabinoid system.

THC Main psychotropic plant cannabinoid

CBD Main non-psychotropic plant cannabinoid

AEA, 2-AG, NADA, virodhamine, noladin ether Main endocannabinoids

Oleamide, OEA, 2-OG, SEA, PEA,2-PG, LEA, 2-LG, 
Arachidonoyl amino acids

Endocannabinoid-related compounds (the compounds whose chemi-
cal formula and some of pharmacological activities resemble those 
of endocannabinoids), some of them are metabolized by the same 
enzymes and have “entourage effect”, but they do not bind (or bind 
very weakly) to cannabinoid receptors known up to date.

R-methanandamide A metabolically stable anandamide analog

ACEA, O-1812 Synthetic CB1 agonists, chemically related to the endocannabinoids

Methylarachidonoyl fluorophosphonate, diazomethylarachido-
noyl ketone, laurylsulfonylfluoride, stearylsulfonylfluoride, meth-
yldodecyl fluorophosphonate, arachidonylsulfonylfluoride

Irreversible inhibitors of FAAH (fatty acid amide hydrolase, the enzyme 
involved in endocannabinoid metabolism)

Arachidonoyl trifluoromethylketone, oleoyl trifluoromethylketone Examples of transition state FAAH inhibitors

Palmitoyisopropylamide, N-(1-oxohexadecyl)-glycine methyl 
ester, N-(2-acetoxyacetyl)-pentadecylamine

Examples of alternative FAAH substrates

α-methyl 1-arachidonoylglycerol, O-2204 Monoacylglycerol lipase (the enzyme involved in 2-AG metabolism) 
inhibitors 

Hexadecyl propionate, cyclohexyl hexadecanoate Inhibitors of N-palmitoylethanolamine acid amidase (the enzyme that 
metabolizes PEA, SEA, OEA, LEA) 

AM404, VDM11, UCM707, AM1172, OMDM-1, OMDM-2  Inhibitors of anandamide cellular uptake

THC: tetrahydrocannabinol; PEA: palmitoylethanolamide; SEA: steroylethanolamide; OEA: oleoylethanolamide; LEA: linoleoylethanolamide; 2-AG: 2-ara-
chidonoyl glycerol
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99). Thus its inhibition is of considerable interest. 
Examples of such compounds are α-methyl 1-
arachidonoylglycerol and O-2204 (100), although 
these compounds are not very selective, and act 
also on FAAH.

N-palmitoylethanolamine acid amidase inhibitors 
As mentioned above, endocannabinoid-like en-
dogenous compounds, such as linoleyl- and palmi-
toylethanolamide potentiate endocannabinoid 
action (entourage effect). Thus inhibition of their 
metabolism will lead to elevation of their levels and 
lead to potentiation of the action of the endocan-
nabinoids. N-palmitoylethanolamine acid amidase 
was found to be a selective amidase that metabo-
lizes PEA (also SEA, OEA, LEA and to some extent 
also anandamide) (101). Inhibitors of this enzyme 
are hexadecyl propionate and cyclohexyl hexade-
canoate (102).

Anandamide transporter inhibitors
The existence of anandamide transporter is a con-
troversial issue. Anandamide accumulation within 
the cell was first thought to be the result of a facili-
tated diffusion process (103, 104). Recently a high 
affinity binding site, participating in the transport 
of anandamide was identified (105). Although no 

relevant protein has been cloned yet, compounds 
that inhibit anandamide uptake (probably acting 
through this yet unidentified protein) already ex-
ist. The examples of such compounds are AM404 
(106), VDM11(107), UCM707 (108), AM1172 (109) 
and OMDM-1 and -2 (110).

ACTION OF ENDOCANNABINOIDS ON 
VANILLOID RECEPTORS

Another possible target, which is being targeted, 
but has not yet been thoroughly investigated, is 
the vanilloid receptor activity of anandamide and 
some related cannabinoids (111-116). Interest-
ingly, the effect of anandamide on the vanilliod 
receptors was potentiated by PEA in the same 
way as its effect on the cannabinoid receptors 
(117, 118). NADA was also found to be “endova-
nilloid” as much as an “endocannabinoid” com-
pound (119, 120).

CONCLUSIONS

No specific disease state has been identified yet, 
which is directly related to lack of, or excess of, 
endocannabinoids. However the plethora of ac-
tions of these compounds has led to an immense 

Δ9-THC

AM-630

WIN 55-212.2

CP55.910

HU-210

SR 141476A

SR 144528

HU-308

Fig. 4 - Synthetic compounds that do not 
possess endocannabinoid-like skeleton. 
HU-210, THC, WIN-55212-2, CP-55910, 
(CB1/CB2 agonists), SR141716A (CB1 
antagonist), AM-630, SR 144528 (CB2 
antagonists ) and HU-308 (CB2 selective 
agonist).



10

N.M. Kogan, and R. Mechoulam The chemistry of endocannabinoids

11

amount of work aimed at modifying the levels of 
these compounds. As mentioned above these 
projects are mainly based on the fact that endo-
cannabinoids are formed on demand, when and 
where needed. Thus blocking their degradation 
will lead to enhancement of their levels, mainly 
in the brain (or tissue) areas where they have al-
ready been produced, and presumably needed, 
and not throughout the body. Such a strategy, 
in the case of the endocannabinoids, is thera-
peutically more sensible than the administration 
of endocannabinoids, which will be distributed 
throughout the body. 
Shortly after the discovery of the endocannabi-
noid system, numerous endocannabinoid ana-
logs were synthesized and the structure activity 
relationship in this series was established (121). 
Later studies were reported which aimed at mod-
ification of the action of the endocannabinoids. 
Then their catabolic pathways, including the in-
tracellular uptake of anandamide, were targeted 
and many compounds inhibiting these pathways 
were synthesized. 
Some synthetic compounds mentioned above, such 
as the anandamide transporter inhibitors AM404 
and VDM11, act also on the vanilloid receptors (107, 
122, 123). 
Surprisingly, modifications of the biosynthetic path-
ways leading to the formation of the endocannabi-
noids, have not been investigated thoroughly so far. 
Partial blocking of endocannabinoid biosynthesis 
may be of considerable therapeutic interest, par-
ticularly in obesity studies. 
The present review addresses the chemistry of 
the endocannabinois. Various aspects of endo-
cannabinoid action are summarized in numerous 
reviews (124-132). We have learned much about 
the myriad actions of endocannabinoids – from 
neuroprotection, appetite and suckling, memory, 
reproduction, anxiety, sleep to bone formation 
and homeostasis of blood pressure, to name just 
a few. The endocannabinoid system is certainly 
also involved in the production of emotions. It 
may perhaps help translate objective into sub-
jective reality. But this field is at present almost 
totally unknown to us. Once we learn more about 
it, new endogenous as well as synthetic can-
nabinoids may become novel mood changing 
drugs – with many of their positive and negative 
properties. 
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Endocannabinoid synthesis and degradation, and 
their regulation in the framework of energy balance

I. Matias, and V. Di Marzo
Endocannabinoid Research Group, Institute of Biomolecular Chemistry, Consiglio Nazionale delle Ricerche, 
Pozzuoli (Napoli), Italy

ABSTRACT. Endocannabinoids are endogenous 
substances capable of binding to and functionally 
activating the two types of cannabinoid recep-
tors identified to date, the cannabinoid receptors 
type 1 and 2 (CB1 and CB2 receptors). The anabolic 
and catabolic pathways for the two most studied 
endocannabinoids, N-arachidonoylethanolamine 
(anandamide) and 2-arachidonoyl glycerol (2-
AG), have been elucidated, thus leading to the 
molecular characterization of some of their cata-
bolic and biosynthetic enzymes. These proteins 
are hydrolytic enzymes that also recognize as 
substrates other congeners of anandamide and 
2-AG or of their biosynthetic precursors, respec-
tively. CB1 receptor and tissue concentrations of 
endocannabinoids sufficient to activate them are 

more widely distributed than originally believed, 
and are present in all brain and peripheral organs 
involved in the control of energy homeostasis, 
including the hypothalamus, nucleus accumbens, 
brainstem, vagus nerve, gastrointestinal tract, ad-
ipose tissue, muscle and liver. Hypothalamic and 
peripheral neuropeptides and hormones involved 
in energy balance, as well as the type of diet, reg-
ulate endocannabinoid biosynthetic and inactivat-
ing pathways, whereas endocannabinoids, in turn, 
regulate the expression and action of mediators 
involved in nutrient intake and processing. The 
perturbation of these cross-talks might contribute 
to the development of eating disorders.
[J. Endocrinol. Invest. 29 (Suppl. to no. 3): 15-26, 2006]
©2006, Editrice Kurtis

INTRODUCTION
The endocannabinoid system and 
endocannabinoid signalling
The cannabinoid receptor type 1 (CB1 receptor) 
(1), one of the most abundant G-protein-cou-
pled receptors in the central nervous system, 
is thought to be responsible for the majority of 
the “central” actions of Δ9-tetrahydrocannabinol 
(Δ9-THC) (2). Δ9-THC is the major psychoactive 
component of Cannabis sativa and marijuana, 
and it also activates cannabinoid receptor type 
2 (CB2 receptor), which, like CB1 receptors, are 
seven-transmembrane-domain proteins, coupled 
to G-proteins mostly of the Gi/o family. Unlike CB1, 
very low levels of CB2 receptors are expressed in 
the brain under physiological conditions, although 
a very recent study demonstrated the presence of 

functional CB2 receptor in the brainstem (3). In-
stead, CB2 receptors are very abundant in immune 
cells where they participate in the regulation of 
cytokine release and function (4), and have been 
recently indicated, among other things, as a pos-
sible target for the reduction of atherosclerotic 
plaques (5). Although the existence of other re-
ceptors for cannabimimetic compounds has been 
suggested based on pharmacological data, these 
putative proteins have not been characterized yet 
from a molecular point of view (6).
The cannabinoid receptors serve as targets for 
endogenous compounds of lipophilic nature, the 
endocannabinoids, the two best studied of which 
are anandamide (N-arachidonoylethanolamine) (7) 
and 2-arachidonoyl glycerol (2-AG) (8, 9) (Fig. 1), 
which can be considered as non-oxidative deriva-
tives of arachidonic acid, the precursor of a plethora 
of other endogenous mediators. The cannabinoid 
receptors, the endocannabinoids, and the proteins 
for their biosynthesis and degradation constitute the 
endocannabinoid system (10).
As might be expected from their relatively low 
(~40%) sequence homology, CB1 and CB2 recep-
tors may be coupled to both common and dif-

Key-words: CB1 receptors, anandamide, 2-arachidonoyl glycerol, rimona-
bant, enzymes, appetite, diet.
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ferent signal transduction pathways. One reason 
for this also lies in the fact that these receptors 
couple differentially to G-proteins. In fact, whilst 
the α subunits of both Gi and Go proteins couple 
to both cannabinoid receptors, it seems that CB2 
binds preferentially to Gi (11), and the coupling 
of CB1, but not CB2, to Gs and Gq has also been 
proposed (12, 13). The capability to activate one 
type of G-protein instead of another also de-
pends on the type of agonist used to activate the 
receptor. Subsequently, the endocannabinoids 
might produce different effects through their 
ability to differentially activate G-proteins. For 
example, 2-AG induces a CB1 receptor confor-
mation that confers maximal stimulation of both 
Go and Gi, whereas anandamide is able to only 
activate Gi. Both cannabinoid receptors are cou-
pled to inhibition of adenylate cyclase via Gi, but 
2-AG seems to be a full agonist for the inhibition 
of cAMP formation via the CB2 receptor, while 
anandamide is more potent at CB1 receptors (14, 
15). Regarding the interactions with ion channels, 
only CB1 can couple, via Gi/o proteins, to the in-
hibition of voltage-dependent N, P and Q-type 
calcium channels and to activation of inwardly 
rectifying potassium channels (16). There is an 
extensive body of research studying the inhibi-
tion of pre-synaptic voltage-dependent calcium 
channels and these observations contribute to 
explain the pharmacology of endocannabinoids 
in the central and peripheral nervous systems. 
However, the CB1- or CB2-mediated pharmaco-
logical effects of the endocannabinoids and Δ9-
THC cannot be explained solely based on these 
intracellular signalling pathways, and others have 

been described whose physiological significance 
is still being assessed (16).

ENDOCANNABINOID SYNTHESIS AND 
DEGRADATION

Endocannabinoids are biosynthesised “de novo” 
and “on demand” within the framework of phos-
pholipid metabolic reactions and following an 
increase of the intracellular concentration of Ca2+ 
(Fig. 2). They are then released from the cell imme-
diately after their biosynthesis in order to activate 
their targets, and then rapidly removed from the 
extracellular space by rapid and selective uptake 
into the cell and intracellular enzymatic hydrolysis 
(10). Enzymes catalysing either the biosynthesis or 
the degradation of anandamide and 2-AG have 
been identified and cloned to date.
First the “fatty acid amide hydrolase” (FAAH), 
which catalyses the hydrolysis of anandamide 
and 2-AG, was cloned from rat liver in 1996 (17), 
and then from several other species. FAAH is an 
integral membrane protein of 597 amino acids 
which belongs to the amidase family due to the 
presence of the amidase signature sequence in 
the active site (18). This enzyme was detected 
in large neurons of brain (19, 20) but also in the 
liver (19), retina (21), vascular tissues (22), uterus 
(23), pancreatic β cells, adipocytes (24) and adi-
pose tissue (25). FAAH distribution in the rat brain 
overlaps to a large extent, but not entirely, with 
the localization of cannabinoid CB1 receptors (20). 
The properties of FAAH have been summarized in 
recent reviews (26, 27). More recently, it has been 
recognized that a previously cloned enzyme, the 
monoacylglycerol lipase (MAGL), plays a key role, 
in some cases more important than FAAH, in the 
enzymatic hydrolysis of 2-AG (28).
Also the enzymes most likely responsible for the 
last step of anandamide and 2-AG biosynthesis 
(Fig. 2), the N-acyl-phosphatidyl-ethanolamine-
selective phospholipase D (NAPE-PLD) and the 
sn-1 selective diacylglycerol lipases (DAGLα and 
β), respectively, have been cloned (29, 30). Anan-
damide is, in fact, formed from the enzymatic 
hydrolysis of a pre-existing phospholipid precur-
sor, N-arachidonoyl-phosphatidyl-ethanolamine 
(NArPE) through the NAPEPLD, although other 
possible pathways may exist for the conversion of 
NArPE into anandamide (31). Anandamide pre-
cursor is in turn produced from the N-acylation of 
phosphatidylethanolamine with arachidonic acid 
deriving from the sn-1 position of phospholipid 
donors. This reaction is catalysed by a trans-acy-
lase (or N-acyl-transferase) enzyme that is yet 

Fig. 1 - Anandamide and 2-arachidonoyl glycerol (2-AG), the two 
most studied endocannabinoids.
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Fig. 2 - Biosynthesis of the endocannabinoids. Although presented together in a schematic way, the two compounds are not necessarily 
biosynthetically related. 2-AG: 2 arachidonoyl glycerol; NarPE: N-arachidonoylphosphatidylethanolamine; DAG: diaglycerol; DAGLα and β: 
sn-1-selective diacylglycerol lipases.
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to be characterized. Phosphatidylcholine and 
phosphatidylethanolamine were identified to act 
as possible acyl donors by Natarajan et al. (32). 
The low amounts of arachidonic acid esterified 
on the sn-1 position of these phospholipids ex-
plains why, among the N-acyl-phosphatidyleth-
anolamines, the one with an N-arachidonoyl 
group, ie NArPE, is usually the least abundant. 
Subsequently, among the N-acylethanolamines 
normally present in the cell and deriving from 
their corresponding N-acylphosphatidyleth-
anolamine precursors, anandamide is also the 
least abundant. The formation of 2-AG occurs 
instead through the hydrolysis of the sn-2-ara-
chidonate-containing diacylglycerols (DAG), a 
reaction that is catalysed by DAGLα and β (30). 
The biosynthesis of 2-AG, as with anandam-
ide, involves different types of 2-arachidonate 
containing phospholipid precursors, including 
phosphoinositide, phosphatidylcholine and 
phosphatidic acid, which are converted into 
sn-2-arachidonate-containing DAGs via Ca2+-
sensitive phospholipases C or phosphatidic acid 
hydrolase, respectively (33, 34). It should not be 
forgotten, however, that high levels of 2-AG are 
likely to be formed in the digestive tract following 
the lipase-catalyzed hydrolysis of triglycerides of 
animal origin. All the enzymes so far identified 
that participate in endocannabinoid formation 
or degradation are Ser hydrolases, except for 
the NAPE-PLD, which belongs to the zinc-met-
alloproteinase family (30, 35). Another common 
feature of these enzymes is their lack of selectiv-
ity for one particular member of the families of 
their substrates. In fact, NAPE-PLD recognizes 
several other N-acyl-phosphatidylethanolamines 
(36), and FAAH catalyses the hydrolysis of both 
long chain N-acylethanolamines (NAEs) and 
primary amides (37); the DAGLs accept as sub-
strates also DAGs with 2-acyl chains different 
from arachidonate (29), and the MAGL catalyses 
the hydrolysis of both sn-1 and 2-mono-acylglyc-
erols (MAGs) with at least one double bond on 
the fatty acyl moiety (38). Yet another common 
property of these enzymes is that, although their 
exact subcellular localization has not been fully 
understood yet, they seem to be to a large extent 
located on membranes, where their hydrophobic 
substrates are also most likely to be partitioned. 
Thus, the NAPE-PLD and FAAH are found on in-
tracellular membranes, whereas the DAGLs are 
restricted to the plasma membrane, and only the 
MAGL is present in both cytosolic fractions and 
microsomal membranes. Interestingly, cytosolic 
and microsomal MAGL activities possess distinct 

sensitivities to inhibitors and possibly slightly dif-
ferent substrate selectivities (39). Furthermore, 
while FAAH and the DAGLs are post-synaptic 
enzymes in the adult brain, the MAGL is located 
pre-synaptically. This different cellular and sub-
cellular compartmentalization of the biosynthetic 
and degradative enzymes of the two major en-
docannabinoids suggests different functions for 
anandamide and 2-AG, for example, in short- and 
long-term synaptic plasticity (40). Finally, the ac-
tivity of the biosynthetic enzymes is stimulated 
by increased concentrations of intracellular Ca2+, 
which explains why neuronal depolarisation or in-
tracellular Ca2+ mobilization causes anandamide 
or 2-AG biosynthesis. On the other hand, FAAH 
expression is subject to long-term regulation, for 
example by estrogens and leptin (41).
Both anandamide and 2-AG can be oxidized to 
prostaglandin ethanolamides (prostamides) and 
prostaglandin glycerol esters via cycloxygenase-
2 (COX-2), or to hydroperoxy- and hydroxyderiva-
tives via various lipoxygenases (42). The physi-
ological meaning of these metabolic reactions, 
however, is yet to be fully understood, although 
it has been suggested that both prostamides 
and prostaglandin glycerol esters may activate 
specific receptors that have not been identified 
yet (43, 44). A putative membrane protein play-
ing a crucial role in regulating the distribution of 
the endocannabinoids between the intracellular 
and extracellular milieu, and subsequently their 
capability to interact with cannabinoid receptors 
or with degrading enzymes, respectively, is the 
endocannabinoid membrane transporter (EMT), 
which is as yet uncharacterised. Endocannabi-
noid transport across the plasma membrane is 
selective, subject to regulation, temperature-de-
pendent and inhibited by synthetic compounds 
selective over other proteins of the endocannabi-
noid system, thus indicating the existence of one 
or more specific proteins involved in this process. 
Furthermore, since its activity depends on the 
gradient of endocannabinoid concentrations 
across the cell membrane, the EMT appears to 
mediate both endocannabinoid release and re-
uptake (45, 46). Although a definitive conclusion 
on the actual existence of the EMT will be drawn 
only when this protein is cloned, strong indirect 
evidence suggests that endocannabinoid trans-
port across the cell membrane is due to a specific 
process and not to simple passive diffusion. In-
deed, through their common high affinity bind-
ing with selective synthetic compounds, binding 
sites for anandamide were recently identified on 
the membrane of RBL-2H3 cells and suggested 
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to be responsible for its cellular uptake (47). This 
finding might now open the way to the isolation 
and cloning of the EMT.

DISTRIBUTION AND REGULATION 
OF CANNABINOID RECEPTORS AND 
ENDOCANNABINOIDS IN TISSUES 
AND CELLS CONTROLLING FOOD-INTAKE 
AND ENERGY BALANCE

Δ9-THC provides an example of a molecule hav-
ing been used in medicine before the discovery 
of its mechanism of action. Indeed, the antiemet-
ic and appetite-inducing properties of cannabis 
have been known for centuries, but only in the 
2nd half of the XX century could they be assigned 
to Δ9-THC (2). Historically, marijuana was recom-
mended in India for the treatment of appetite 
loss and to overcome the sensation of hunger. 
Marijuana smokers report an increased desire 
for food (48), and in particular for palatable food 
such as marshmallows (48,49), during the first 
days of consumption, thereby causing a persist-
ent rise of body weight even when energy intake 
had returned to normal (50). Indeed, cannabinoid 
CB1 receptors have been detected in all the brain 
and peripheral tissues involved in the control of 
energy intake, processing and storage, including 
the hypothalamus (51), the nucleus accumbens 
(20, 52), the vagus nerve and the nodose gan-
glion (53), the myenteric neurons and epithelial 
cells of the large intestine (54), the liver (55) and 
hepatocytes (56), the adypocytes (57, 58), and 
the adipose tissue (25), the skeletal muscle (59) 
and the pancreas (60). In many of these nervous 
and non-nervous tissues and cells, endocannabi-
noids have also been identified and their levels 
shown to be subject to regulation (24, 51, 61-63). 
However, still little or no detailed information ex-
ists on the distribution of the enzymes involved in 
endocannabinoid biosynthesis and degradation 
in tissues and cells controlling energy balance. 
In central nervous areas, one way that the en-
docannabinoids have to regulate the circuitries 
involved in food intake is through activation of 
CB1 receptors expressed in pre-synaptic neurons 
and subsequent inhibition of both excitatory 
and inhibitory neurotransmitter release (57, 64), 
often resulting in establishment of both short- 
and long-term forms of neuronal plasticity (65). 
However, the pattern of expression of CB1 recep-
tors suggests its regulation of the expression and 
release of orexigenic or anorexic signals as well. 
Most of the studies carried out so far in this sense 
have been performed in the brain region mostly 

involved in the control of the appetitive aspect 
of food intake, ie the hypothalamus. Here most 
CB1 receptors are expressed in hypothalamic 
neurons involved in food intake (57), such as 
those expressing amphetamine-regulated tran-
script (CART) in the arcuate nucleus (ARC), those 
containing orexins and melanocyte concentrat-
ing hormone (MCH) in the lateral hypothalamus, 
and those expressing CRH in the paraventricular 
nucleus (PVN). These neurons communicate with 
each other. The PVN is richly supplied by CRH-
expressing neurons, which project to the median 
eminence and inhibit neuropeptide Y (NPY)-ex-
pressing neurons of the ARC-PVN projection. Al-
so pro-opiomelanocortin (POMC)/CART neurons 
and NPY/agouti gene-related peptide (AGRP) 
neurons from the ARC, and the orexin neurons of 
the lateral hypothalamus converge onto the PVN. 
Finally, in the lateral hypothalamic area, which is 
rich in MCH and orexins, CB1-expressing neurons 
converge onto NPY and CRH terminals (66). The 
exact nature of the neuromodulatory function of 
cannabidergic neurons in the hypothalamus is 
still subject of investigation. Recently, it has been 
demonstrated that the activation of the hypotha-
lamic CB1 receptors increases the release of the 
NPY (67). These data may suggest that the orexi-
genic effects of cannabinoids could be in part 
mediated by this neuropeptide, but they disa-
gree with previous observations showing that: 1) 
NPY and CB1 receptors are not co-localized in the 
same hypothalamic neurons (57); 2) cannabinoid 
receptor blockade reduces food-intake in NPY 
knockout mice as efficaciously as in wild-type 
mice (62); and 3) it is rather endocannabinoid 
biosynthesis that appears to be downstream of 
the orexigenic effect of NPY (68) (see next sec-
tion). Cota et al. (57) suggested that one of the 
functions of CB1 receptors might be to tonically 
downregulate the expression of CRH, an ano-
rexic mediator whose levels are higher in CB1-
deficient mice. Activation of pre-synaptic CB1 
receptors by endocannabinoids released from 
post-synaptic parvocellular PVN neurons might 
also reduce CRH release from these neurons by 
mediating glucocorticoid-induced fast inhibition 
of pre-synaptic glutamate release in this area (69). 
Osei-Hyiaman et al. (70) recently showed that in-
hibition of the release of CART, another anorexi-
genic mediator, in several hypothalamic regions 
including the ARC and the dorsomedial nuclei, 
but not the median eminence and the PVN, is 
another downstream effect underlying the CB1-
mediated orexigenic actions of anandamide. This 
observation is seemingly in contrast with earlier 
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data indicating lower levels of CART mRNA in 
the dorsomedial and lateral hypothalamic areas 
of CB1-deficient mice (57). It is possible that the 
effects of endocannabinoids on CART signaling, 
that has been suggested to also have orexigenic 
functions, is rather complex, as suggested also 
by the observation that acute stimulation of CB1 
receptors enhances CART levels in some extra-
hypothalamic areas (70). Finally, CB1 receptor 
stimulation seems to also tonically activate fatty 
acid synthase in the hypothalamus, and this ef-
fect is likely to participate in the central control 
of food intake by the endocannabinoid system 
(56). Changes in neurohypophyseal hormone 
release from the hypothalamus are also relayed 
from catecholaminergic neurons from the ventral 
medulla and the nucleus tractus solitarii (NTS) 
(71). This latter region has been implicated in the 
satiety-reducing effects of CB1 receptors. Accord-
ingly, half of the neurons recorded in vitro in the 
subpostremal NTS modify their firing rates in re-
sponse to both CB1 antagonist and agonist, sug-
gesting that the CB1 stimulation in the NTS might 
depress synaptic transmission of sensory visceral 
signals such as the nausea- and satiety-inducing 
signals originating in the gut (71). In agreement 
with this hypothesis, recent data showed that 
food deprivation causes over-expression of CB1 
receptors in cholecystokinin (CCK)-expressing 
neurons of the nodose ganglion, and that satiety 
induced by CCK or food consumption is accom-
panied by a reduction of CB1 receptor expression 
in this ganglion (72).
Finally, the mesolimbic dopaminergic and opioid 
circuitries, which connect hindbrain and midbrain 
to the hypothalamus, have also been suggested 
to be involved in the rewarding properties of food 
as well as in the food intake-inducing actions sub-
sequent to CB1 receptor stimulation. Under con-
ditions of food restriction and after an incentive 
stimulus, such as that afforded by a psychoactive 
drug or palatable food, dopamine is released in 
the shell of the nucleus accumbens (NAc), a limbic 
forebrain area involved in the motivational aspects 
of drug and food consumption, and expressing 
CB1 receptors that undergo downregulation fol-
lowing chronic consumption of a high fat diet 
(73-76). Interestingly, the NAc also contains high 
levels of endocannabinoids that undergo diurnal 
changes (77) and participate in a form of long-term 
depression via inhibition of glutamate release 
from neurons innervating this area (78). Dopamin-
ergic neurons of the ventral tegmental area (VTA), 
which release dopamine in the NAc shell, are also 
capable of releasing endocannabinoids acting as 

retrograde messengers to inhibit, via CB1 recep-
tor activation, the release of both glutamate and 
GABA from axon terminals controlling the polarity 
of VTA somas (79, 80).
In conclusion, functional cannabinoid CB1 recep-
tors, and endocannabinoids that activate them are 
present in all brain areas involved in food intake 
as well as in peripheral organs controlling energy 
homeostasis. Much work is still needed, however, 
to identify the exact nature of the cells that ex-
press endocannabinoid biosynthesising enzymes 
and subsequently produce and release the endo-
cannabinoids.

REGULATION OF ENDOCANNABINOID LEVELS 
BY FACTORS INVOLVED IN FOOD INTAKE 
AND ENERGY BALANCE

As mentioned above, the enzymes catalysing the 
biosynthesis and degradation of the endocan-
nabinoids are subject to regulation, at the level 
both of the activity and the expression, by me-
diators (neurotransmitters, neuropeptides, hor-
mones, etc) involved in several physiological and 
pathological conditions (81). This general rule 
also applies to some of the mediators involved 
in the control of food intake and energy storage, 
as shown the first time by the finding that leptin, 
an adipocyte-derived hormone which reduces the 
levels of hypothalamic orexigenic mediators and 
increases those of anorexic ones, also significantly 
reduces the levels of anandamide and 2-AG in the 
rat hypothalamus (62). This effect, in the case of 
2-AG, is due to the inhibition of the formation 
of DAG precursors, and explains the higher 
hypothalamic endocannabinoid levels found in 
ob/ob mice, which cannot produce leptin, and 
in db/db mice and Zucker rats, which instead are 
characterized by impaired leptin receptor signal-
ling (62). Interestingly, leptin decreases endocan-
nabinoid levels also in human T-lymphocytes (82), 
and higher amounts of endocannabinoids are 
observed in the uterus of ob/ob mice (83), thus 
confirming the existence of a widespread tonic 
inhibition of endocannabinoid levels by the hor-
mone. In both cases, the inhibitory effect of leptin 
on anandamide is due to up-regulation of FAAH 
expression, which, in the case of the human, but 
not murine, enzyme is caused by the activation, 
through STAT3, of a cAMP response element-like 
binding site on the Faah gene promoter. On the 
other hand, the enhancement of 2-AG levels ob-
served in the uterus of ob/ob mice appears to be 
due to opposing regulation of the activity of both 
biosynthetic and degradative enzymes, since it is 
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accompanied by both stimulation of DAGL activ-
ity and inhibition of MAGL activity (83). At any 
rate, the regulatory effects of leptin on endocan-
nabinoid levels also seem to occur in humans in 
vivo. In fact, in a recent study a negative correla-
tion between blood leptin and anandamide lev-
els was found in both normoweight and anorexic 
women (84). In the latter case, the low levels of 
leptin, which are typical of this eating disorder, 
were accompanied by significantly increased 
blood anandamide levels, again corroborating 
the negative effect of the hormone on endocan-
nabinoid signalling. Another important peripheral 
hormone involved in food intake is ghrelin, which, 
unlike leptin, is released into the bloodstream 
from the stomach during food deprivation in 
order to signal to the hypothalamus the need for 
energy intake. Since blockade of CB1 receptors 
with rimonabant strongly reduces the orexigenic 
action caused by the hormone when injected into 
the hypothalamus, it can be hypothesized that 
ghrelin might induce food intake at least in part 
by up-regulating hypothalamic endocannabinoid 
levels (85). The same applies to the hypothalamic 
orexigenic neuropeptide, NPY, whose stimulatory 
effects on food intake are blocked by genetical or 
pharmacological blockade of CB1 receptors (68). 
However, no regulatory action of ghrelin or NPY 
on endocannabinoid biosynthetic or degrading 
enzymes has been described to date. Since the 
levels of leptin decrease during food deprivation, 
and those of ghrelin and NPY instead increase, 
and since opposite changes occur during food 
consumption, the regulatory actions of these 
three mediators on endocannabinoid levels may 
explain why the hypothalamic levels of anandam-
ide and, particularly, 2-AG decrease during food 
consumption and increase during food depriva-
tion (86). However, external factors involved in 
ingesting behaviors might also contribute to 
determining changes in brain and peripheral 
endocannabinoid levels, and in particular: 1) the 
incentive value of food, and 2) its polyunsaturated 
fatty acid (PUFA) content. In fact, the seemingly 
higher efficacy of CB1 receptor blockade at de-
creasing the intake of palatable (“high fat” or 
“high carb”) vs “normal” food in satiated ani-
mals, and the occurrence of the endocannabinoid 
system in brain structures controlling reward and 
motivation, point to an active role of endocan-
nabinoids in the reinforcement of motivation to 
consume food with a high incentive value. This 
role is suggested also by the fact that endocan-
nabinoid levels are highest after food deprivation 
not only in the rat hypothalamus but also in the 

limbic forebrain (86), and hence possibly in the 
NAc, which is one of the brain nuclei that contrib-
utes to translating motivation to eat into action. 
Due to the lack of action of leptin in this brain re-
gion, where an interplay between dopamine and 
endocannabinods is instead more likely to occur 
(76), it is possible that these changes are due to a 
tonic inhibitory action of dopamine on endocan-
nabinoid biosynthesis, as observed for example 
in mice lacking the dopamine transporter (87). 
Direct evidence in support of this hypothesis has 
been provided administering dopamine receptor 
agonists and monitoring anandamide and 2-AG 
levels in the rat limbic forebrain (88). However, the 
role of the opioid system should also not be over-
looked, since it has been shown in many studies 
that μ receptor blockade can potentiate the food 
intake-inhibitory effects of CB1 receptor blockade 
(89), and acute administration of morphine was 
recently found to strongly enhance anandamide 
levels and inhibit 2-AG levels in the NAc (90).
It has also been suggested that the type of food 
consumed can directly influence the levels of 
the endocannabinoids by influencing the brain 
amounts of their (phospho)lipid precursors. In 
particular, diets rich in omega 6 PUFAs and poor 
in omega 3 PUFAs, as is typically the case of many 
“high fat” diets, have been shown to significantly 
enhance the levels of anandamide (91) or 2-AG 
(92) in the post-natal and the adult brain, respec-
tively. On the other hand, long-term food depriva-
tion was found to reduce the levels of hypotha-
lamic endocannabinoids both in adult rodents (93) 
and in pups from undernourished dams (94). In the 
latter case, a linear correlation was found between 
hypothalamic anandamide levels in the pups and 
their body weight at weaning.

DYSEGULATION OF ENDOCANNABINOID 
LEVELS IN OBESITY

Despite the fact that, in animals with a well bal-
anced energy homeostasis, endocannabinoid lev-
els in the hypothalamus and limbic forebrain are 
elevated during food deprivation and depressed 
during food consumption, recent evidence sug-
gests that the endocannabinoid system, and in 
particular the levels of either endocannabinoids 
or CB1 receptors or both, become permanently 
up-regulated in several organs and tissues of 
obese animals and humans (95). Data from our 
laboratory indicate that the blood levels of en-
docannabinoids in obese women with binge-
eating disorder are significantly elevated (84), 
and this despite the high levels of leptin that are 
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normally present in obese patients. Likewise, in a 
recent study, circulating endocannabinoid levels 
were found to be increased in post-menopausal 
women with uncomplicated obesity too, and to 
be inversely correlated with decreased FAAH 
gene expression in the adipose tissue, thus sug-
gesting that decreased endocannabinoid deg-
radation, and subsequently enhanced endocan-
nabinoid levels in this organ might be responsible 
for the increased anandamide and 2-AG levels in 
the blood (25). Indeed, we have shown that the 
visceral fat of overweight and obese patients do 
contain significantly higher amounts of 2-AG than 
that of normoweight individuals (24). However, 
endocannabinoids are not normally released from 
tissues into the bloodstream to act as hormones 
or circulating mediators. Therefore, the finding of 
elevated endocannabinoid signalling in the blood 
suggests either that a widespread endocannabi-
noid “hyperactivity” occurs during obesity and is 
reflected in circulating endocannabinoid levels, 
or that endocannabinoids are overproduced (or 
underdegraded) during obesity in blood cells as 
well, and play some role in the immune-inflam-
matory response of obese individuals. In favor of 
the former hypothesis is the finding of increased 
anandamide levels also in the liver of mice with di-
et-induced obesity (DIO), which was again accom-
panied by decreased FAAH activity in this organ 
(56). We also found enhanced endocannabinoid 
levels in the epididymal fat and pancreas of DIO 
mice as compared to mice fed a normal diet (24). 
The recent finding of a strong correlation between 
overweight/obesity and a phenotypic missense 
mutation of FAAH (96) might indeed confirm that 
a general malfunctioning of the metabolism of en-
docannabinoids, which would be reflected in the 
elevation of the circulating levels of these media-
tors, is a hallmark of overweight and obesity.
Several factors might contribute to the exagger-
ated endocannabinoid signalling in obesity (and 
hyperglycemia), such as: 1) in the hypothalamus, 
the insensitivity to leptin that accompanies 
obesity might result in enhanced endocannabi-
noid levels in this brain region (through lack of 
stimulation of FAAH expression or disinhibition 
of biosynthetic enzymes), as typically observed 
in rodents with genetically defective leptin sig-
nalling; 2) in insulin-sensitive tissues, a possible 
shift from insulin inhibition to insulin stimulation 
of endocannabinoid levels might occur, similar to 
what we have observed when pancreatic islet β-
cells are switched from a culture medium low to 
one rich in glucose (24); 3) the aforementioned 
abundance of omega 6 PUFAs and deficiency in 

omega 3 PUFAs, typical of high fat diets, as well 
as the presence in food of high concentrations 
of animal triglycerides (which can be converted 
into 2-AG during food digestion), might result in 
increased availability of biosynthetic precursors 
for the endocannabinoids.

CONCLUSIONS

As partly reviewed in this article, energy balance 
is an extremely exciting and intriguing arena for 
studies on the regulation of endocannabinoid 
synthesis and degradation. In fact, there is strong 
and “historical” evidence for a major role of the 
endocannabinoid system in the control of energy 
balance, and recent data indicate that there ex-
ists a plasticity in the regulation of endocan-
nabinoid tone when passing from conditions 
of normal to unbalanced energy homeostasis. 
Thus, endocannabinoid levels are: 1) transiently 
up-regulated in at least two brain areas, following 
short food deprivation and to help re-establish 
the energy balance, 2) permanently down-regu-
lated following continued food shortage, and 3) 
permanently up-regulated at the two extremes 
of eating disorders: obesity and anorexia. Since 
endocannabinoids and CB1 receptors appear to 
participate not only in the stimulation of food in-
take but also, via peripheral actions at the level 
of the intestine, liver, adipose tissue and skeletal 
muscle, in reduced intestinal motility and pos-
sibly optimised nutrient assimilation and stor-
age (for example through adipogenesis) and in 
reduced energy expenditure, this plasticity may 
correspond to several adaptive responses of the 
endocannabinoid system, aimed respectively at: 
1) inducing energy intake following brief short-
age of food, 2) reducing the feeling of appetite 
during prolonged periods of food shortage, and 
3) storing excess energy caused by hyperphagias 
of various origin or reinforcing reward in anorexia 
nervosa. As phase III clinical trials with a CB1 
receptor blocker are producing very promising 
results for the treatment of obesity and related 
metabolic disorders (97, 98), we can now foresee 
the development in the not so distant future also 
of therapies that, through the manipulation of 
endocannabinoid biosynthesis and degradation, 
target other eating and metabolic disorders.
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Neuromodulatory functions of the 
endocannabinoid system 
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ABSTRACT. The endocannabinoid system 
(ECS) has recently emerged as an important 
neuromodulatory system in the brain. Several 
neuronal functions are under the control of the 
cannabinoid receptor type 1 (CB1 receptor) and 
of its endogenous lipid ligands (endocannabi-
noids). CB1 receptors are widely expressed in 
the brain and their expression pattern reflects 
the complexity and the variety of functions of 
the ECS in neuronal activity. In particular, CB1 
receptors are present at different levels in sev-
eral brain regions and in distinct neuronal sub-
populations. Endocannabinoids were described 
to act as retrograde transmitters at synaptic 
level in many brain regions. Interestingly, the 

mechanisms governing endocannabinoid-con-
trolled synaptic modulation can vary depend-
ing on the region and the neuronal circuit. At 
physiological and pathophysiological level, the 
ECS has recently been shown to play important 
regulatory roles in several brain processes, in-
cluding the modulation of memory processing 
and the control of excessive neuronal activity. 
The discovery of the ECS represents a hallmark 
in neuroscience research, and the exploitation 
of its numerous physiological and pathophysi-
ological functions is a promising avenue for 
therapeutic applications.
[J. Endocrinol. Invest. 29 (Suppl. to no. 3): 27-46, 2006]
©2006, Editrice Kurtis

INTRODUCTION

During the last years, the endocannabinoid sys-
tem (ECS) has emerged as an important regula-
tor of a plethora of physiological functions in 
the central nervous system. It appears to play a 
modulatory role of neuronal activities (1, 2) and 
it is responsible for the fine-tuned functioning of 
the central nervous system, aimed at ensuring 
homeostatic conditions in the brain. It has also 
emerged as a promising therapeutic target for a 
variety of neuronal diseases (3-5). The ECS was 
discovered in the quest to understand how Δ9-
tetrahydrocannabinol (THC) is able to elicit its 
well-known effects on the brain (6, 7). To date, 
two cannabinoid receptors have been cloned 
[cannabinoid receptor type 1 and type 2 (CB1 and 
CB2 receptors)], and the two major endogenous 
cannabinoids (endocannabinoids) were identi-

fied as arachidonoyl ethanolamine [anandamide 
(AEA)] and 2-arachidonoyl glycerol (2-AG). Can-
nabinoid receptors, endocannabinoids and a set 
of endocannabinoid-synthesizing and -degrad-
ing enzymes constitute the ECS (2, 3). The use 
of specific antagonists of CB1 and CB2 receptors, 
and the establishment and characterization of 
mouse lines with deficiencies in CB1 and CB2, 
respectively, were instrumental to understand 
the physiological functions of the ECS. Recently, 
mouse lines with specific loss of CB1 receptors in 
particular brain regions and neuronal subpopu-
lations were also established and enabled a de-
tailed analysis of the ECS. In the following para-
graphs, a description of the expression of CB1 
receptors in the brain will be presented, followed 
by a discussion on the various roles of ECS in the 
modulation of synaptic transmission. Afterwards, 
we will address the physiological and patho-
physiological functions of the ECS, by presenting 
two examples, namely the involvement of the 
ECS in memory processing and in endogenous 
protection against neuronal damage. These two 
functions will be used to discuss some of the 
principles underlying the mechanisms of ECS 
functioning in vivo. For more complete reviews 
discussing the plethora of neuronal functions of 
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the ECS, we refer the interested reader to exhaus-
tive articles recently published regarding specific 
aspects of the ECS in the brain (eg 8-11). 

NEUROANATOMICAL CHARACTERISTICS OF 
THE ENDOCANNABINOID SYSTEM

The ECS plays an important role in the control 
of neuronal activity in the brain. The main can-
nabinoid receptor expressed in neurons is CB1, 
although recent data indicate that CB2 is also 
present in certain neuronal populations of the 
brainstem, where it participates in the control of 
emesis (12). However, CB1 is very abundantly ex-
pressed in the adult central nervous system and 
is the seven-transmembrane G protein-coupled 
receptor (GPRC) with the highest expression 
in the brain (7, 13). CB1 transcript and protein 
are present in brain regions implicated in the 
processing of several functions of the brain, in-
cluding learning and memory, pain perception, 
neuroendocrine control, reward and many oth-
ers. In particular, CB1 is present at high levels in 
cortical regions, such as hippocampus, the entire 
cerebral cortex and amygdala, in several nuclei of 
the basal ganglia, in hypothalamic and thalamic 
areas, at low levels in midbrain nuclei, in the cer-
ebellum and in the brainstem (8). The widespread 
but distinct expression of CB1 receptors in the 
brain likely explains the diverse functions of the 
ECS in a plethora of physiological and patho-
physiological processes. However, besides the 
mere presence and levels of expression of the 
receptor in a given brain region, other additional 
aspects should be considered, such as the effi-
ciency of signaling of CB1 receptor in different 
brain regions and its differential expression in 
particular neuronal subpopulations. Indeed, the 
ratio between estimated amount of CB1 receptor 
and the G protein activation is not always con-
stant, indicating regional differences in receptor 
coupling efficiencies (14). This is important to 
consider, because sometimes the ECS seems to 
exert functions involving regions where the den-
sity of CB1 receptor is relatively low [eg modula-
tion of food intake in the hypothalamic area (8) or 
control of pain perception in the brainstem (15, 
16)]. Therefore, the activity of cannabinoids at 
CB1 receptor cannot be predicted solely based 
on the relative receptor density, but other factors, 
such as receptor coupling efficiency, should be 
taken into account. Concerning the expression 
of CB1 receptors in functionally distinct neuro-
nal populations, the observation that, in cortical 
brain regions, CB1 receptor is highly abundant in 

certain populations of GABAergic interneurons 
in the forebrain, is particularly interesting. In 
the hippocampus, these CB1 receptor-positive 
GABAergic interneurons mostly belong to the 
subpopulation of cholecystokinin-positive basket 
neurons, whereas other interneurons, such as the 
parvalbumin-positive basket cells do not contain 
CB1 receptors (17-20). These observations are 
particularly interesting in light of the differential 
physiological roles played by different subclasses 
of GABAergic interneurons in the regulation of 
the neuronal activity of cortical circuits. For in-
stance, recent results indicate that CB1 receptor-
positive interneurons differentially contribute to 
the regulation of oscillatory activity of hippocam-
pal neurons in vivo (21). Moreover, very recent 
electrophysiological data show that activation 
of glutamatergic fibers induces a weaker and 
shorter excitation of CB1 receptor-expressing 
hippocampal interneurons (basket cells) as com-
pared to CB1 receptor-negative ones (22), further 
indicating that endocannabinoid signaling is im-
portant for the differential regulation mediated 
by GABAergic interneurons in cortical regions. 
A further level of complexity to the functional 
neuroanatomy of the ECS in the brain is given 
by the observation that discrepant results are 
present in the literature concerning the expres-
sion of CB1 receptor in principal glutamatergic 
neurons of cortical brain areas, eg in hippoc-
ampus and amygdala. CB1 receptor mRNA is 
present in these neurons in rodents (17, 20) and 
humans (23), whereas the expression of CB1 re-
ceptor protein has been described in primates 
(24), but it was questioned in rodents (18, 25, 
26 - see also Ref. 27). The apparent discrepancy 
in the data deriving from immunohistochemical 
and in situ hybridization studies might be due to 
several reasons. Expression of mRNA does not 
automatically imply the presence of the protein. 
CB1 receptor mRNA, for example, might be 
constantly produced in glutamatergic neurons 
in order to constitute a reserve of template for 
the rapid synthesis of the receptor in particular 
conditions. On the other hand, it is worthwhile 
noting that the levels of mRNA expression are 
extremely higher in GABAergic interneurons as 
compared to pyramidal glutamatergic neurons: 
in all publications, levels are described as “very 
high” for interneurons and “low” or “moderate” 
for pyramidal neurons. However, CB1 receptor 
was described as the GPCR with the highest 
levels known in the brain (7, 13, 28). Therefore, 
“low” levels appear to be substantial as com-
pared to other neuronal receptors. Considering 
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the high difference in levels of CB1 receptor 
mRNA in the two neuronal types, and assuming 
that there might be a direct proportion between 
levels of mRNA and protein, the possibility arises 
that antibodies directed against CB1 receptor 
might be missing the sufficient sensitivity to de-
tect very low levels of CB1 protein in pyramidal 
glutamatergic neurons. Moreover, the strong 
difference between the abundance of CB1 re-
ceptor protein in GABAergic interneurons might 
easily mask the low abundance of the receptor in 
glutamatergic neurons, which might be errone-
ously confounded with “background” staining in 
immunohistochemical experiments. Recent im-
munohistochemical experiments conducted with 
the use of conditional mutant mice lacking CB1 
receptors specifically in GABAergic and in gluta-
matergic neurons, respectively, clearly showed 
that low, but significant levels of CB1 receptor 
protein are present in glutamatergic hippoc-
ampal neurons (Monory et al., submitted). Low 
abundance of CB1 receptors might be difficult to 
detect also at mRNA level. As an example, Mar-
sicano and Lutz (17) proposed that, in contrast to 
other regions such as hippocampus, amygdala 
and entorhinal/perirhinal cortex, virtually all neu-
rons containing CB1 receptor mRNA in neocortex 
were GABAergic interneurons. However, in those 
experiments, double in situ hybridization (ISH) 
was performed using a non-enhanced detection 
system for non-radioactive riboprobes (detecting 
CB1 receptor mRNA). More recently, using a tyra-
mide-enhanced detection method (29), we were 
able to show that even in neocortex the great 
majority of low CB1 receptor-expressing neurons 
are indeed glutamatergic, as they contain vesicu-
lar glutamate transporter 1 (VGluT1), the marker 
of cortical glutamatergic neurons (30) (Monory et 
al. submitted). An alternative explanation for the 
discrepant observations regarding the expression 
levels of CB1 receptor in glutamatergic neurons 
in cortical areas might depend on the fact that 
CB1 receptor protein might be transported to ax-
onal terminals that are very far apart from the cell 
body, where mRNA is normally detected. Elec-
tron microscopic immunocytochemical labeling 
was performed to test this possibility, and results 
confirmed the absence of CB1 receptor protein 
from asymmetrical, presumably glutamatergic, 
synapses in amygdala and hippocampus (1, 18, 
31, 32). Again, given the extreme difference of 
the expression levels of CB1 receptor in GABAer-
gic vs glutamatergic neurons, it is possible that 
the low levels in the latter neurons occluded the 
outcome of the electron microscopic analysis. 

Alternatively, CB1 receptor might be expressed 
in different subcellular compartments of gluta-
matergic neurons than synapses, thereby making 
it even more difficult to identify it by electron 
microscopic techniques. However, cannabinoid 
agonists also produce effects on glutamatergic 
transmission, strongly suggesting the presence 
of functional CB1 receptor protein in glutamater-
gic neurons. Recently, a non-CB1 receptor-medi-
ated effect of cannabinoids on glutamatergic 
transmission was proposed in the hippocampus 
(1, 26, 33). These authors suggested that gluta-
matergic transmission is not regulated by CB1 
rceptor, but by a novel non-CB1 receptor, which, 
however, has not been molecularly characterized 
yet. Recent electrophysiological data indicate 
that the expression of such novel “non-CB1/non-
CB2” receptors on glutamatergic terminals might 
be differentially expressed in different species 
and strains (33). Nevertheless, CB1 receptor ap-
pears to be the mediator of the cannabinoid ac-
tions on glutamatergic transmission in many brain 
regions, including, among others, amygdala (34) 
(Dominici et al., submitted), striatum (35), nucleus 
accumbens (36), neocortex (Dominici et al., sub-
mitted) and hippocampus (37) (Dominici et al., 
submitted). Understanding the exact distribution 
of functional CB1 receptor is not a mere academic 
exercise, because the high spatial and temporal 
specificity of the actions of the ECS could imply 
differential modulation of different neuronal sys-
tems (eg GABAergic vs glutamatergic), with im-
portant consequences regarding both the physi-
ology and the pharmacology of the system itself. 
The advent of conditional mutant mice, where 
CB1 receptor gene is specifically deleted in par-
ticular neuronal subpopulations, is in progress to 
provide important functional hints on the differ-
ential functions of the ECS (38). Along this line, 
recently published and submitted data using 
several conditional mutant mouse lines lacking 
CB1 receptors in GABAergic neurons and in corti-
cal glutamatergic neurons definitely proved that 
low levels of CB1 receptors are indeed present in 
the terminals of cortical (hippocampal, neocorti-
cal and amygdalar) glutamatergic neurons, where 
they functionally contribute to the regulation of 
glutamatergic transmission and to the effects 
of pharmacological application of cannabinoid 
drugs (38, 39) (Monory et al., submitted; Do-
minici et al., submitted).
Consistent with the notion that the ECS may 
play roles in several brain functions, endocan-
nabinoids (anandamide and 2AG) were shown to 
be present in several brain regions (1-3). In order 
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to be able to cease the signaling of endocan-
nabinoids, the enzymes for the degradation of 
endocannabinoids, fatty acid amide hydrolase 
(FAAH, degrading anandamide) (40) and monoa-
cylglycerol lipase (MAGL, degrading 2-AG) (41, 
42) are also present in the central nervous system 
(41, 43-46). Regarding this, it is interesting to 
note that FAAH and MAGL are expressed in a 
differential pattern in cortical brain areas (eg hip-
pocampus). FAAH is present, both at mRNA (47) 
(Marsicano et al., unpublished observation) and 
protein level (43) in pyramidal neurons of CA1 
and CA3 regions of hippocampus and in gran-
ule cells of dentate gyrus, with no expression in 
GABAergic interneurons. In contrast, in hippoc-
ampus, MAGL appears to have a distribution sim-
ilar to the one of CB1 receptor, with expression 
of mRNA and protein both in pyramidal neurons 
and in interneurons (41, 45). In particular, FAAH 
appears to be expressed specifically at post-syn-
aptic level, whereas MAGL shows a typical pre-
synaptic expression both in glutamatergic and 
GABAergic terminals (41, 45). This differential 
distribution of the two enzymes might underlie 
different modes of action of the two major endo-
cannabinoids in neurons and, thereby, enhance 
the complexity of the mechanisms of the tight 
physiological and pathophysiological regulation 
of the ECS activity in the brain. The expression 
of other elements of the ECS in the brain, such 
as the enzymes responsible for the synthesis of 
endocannabinoids (3, 48-50) and the protein(s) 
responsible for the uptake of endocannabinoids 
(51) have not been described in detail yet. Their 
expression pattern will provide important infor-
mation for the understanding of the mechanisms 
of action of the ECS.
In conclusion, the complex and widespread neuro-
anatomical expression of CB1 receptor and other 
elements of the ECS provide an important sub-
strate for the understanding of the different effects 
of endogenously released or pharmacologically 
administered cannabinoids on neuronal functions 
of the brain.

THE ENDOCANNABINOID SYSTEM AND THE 
MODULATION OF SYNAPTIC TRANSMISSION 

Exogenously applied (endo)cannabinoids are 
able to decrease neuronal excitability through 
several molecular mechanisms, including inhibi-
tion of Ca2+ currents and activation of K+ currents 
(7). Given the widespread expression of CB1 pre-
dominantly at presynaptic terminals, it is not sur-
prising that activation of CB1 leads to an inhibi-

tion of the release of several neurotransmitters (1, 
52-54). In addition to this retrograde suppression 

Fig. 1 - Representation of endocannabinoid system (ECS) signal-
ing. Endocannabinoids (EC) are lipid signalling molecules that 
cannot be stored in vesicles. Therefore, the cycle of synthesis, 
binding to and activation of cannabinoid receptors, and, finally 
termination of the signal by uptake and degradation represents a 
distinct activity pattern of the ECS. (A) EC can act in an autocrine 
manner. Synthesis of EC and binding to cannabinoid receptor 
occurs in the same cell. (B) EC can act in a paracrine manner, 
whereby EC transfer the signal from the EC-synthesizing cell to 
the cannabinoid receptor-expressing cell. (C) EC can act as ret-
rograde neurotransmitter and suppress the release of “classical” 
neurotransmitters, including glutamtate and GABA. EC are syn-
thesized on the post-synaptic site, and binding of EC to the can-
nabinoid receptor type 1 (CB1 receptor) occurs pre-synaptically.
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of neurotransmitter release, endocannabinoids 
are also able to act in an autocrine manner (Fig. 
1), and possibly in a paracrine manner, at least if 
glial cells at the synaptic cleft are taken also into 
consideration. However, this last point has not 
yet been evidenced experimentally. In the fol-
lowing, we will first briefly describe the pharma-
cological effects of cannabinoids on the release 
of neurotransmitters and on synaptic transmis-
sion. Afterwards, we will summarize some of the 
effects of exogenous cannabinoids on synaptic 
plasticity. Finally, more extensive attention will be 
given to recent data showing the physiological 
roles of CB1 and the ECS in synaptic transmission 
and plasticity.

CANNABINOIDS AND NEUROTRANSMITTER 
RELEASE
GABA and glutamate
GABAergic transmission is inhibited by exog-
enously applied cannabinoids in several regions, 
including hippocampus (18, 31, 33), amygdala (34), 
striatum (55), nucleus accumbens (56) and substan-
tia nigra (57). In hippocampus and amygdala, these 
pharmacological effects of cannabimimetic drugs 
on GABAergic transmission appear to be mediated 
by CB1 receptors, as they are inhibited by CB1 an-
tagonist and are absent in CB1-KO mice (34, 58). 
Exogenous cannabinoids are also able to inhibit 
the release of glutamate (59) and, therefore, to 
decrease glutamatergic transmission in sev-
eral brain regions, including hippocampus (26, 
60), nucleus accumbens (36), prefrontal cortex 
(61) and amygdala (34). Unlike the effects on 
GABAergic transmission, the direct involvement 
of CB1 in these inhibitory effects on glutamater-
gic transmission have been questioned (1, 26). 
These authors report that, in hippocampus, can-
nabinoid effects on glutamatergic transmission 
were abolished by the CB1 antagonist SR141716, 
but were still present in CB1-KO mice where they 
were still inhibited by the antagonist. These re-
sults indicated that the pharmacological effects 
of cannabinoids on glutamatergic transmission 
in hippocampus are not mediated by CB1 recep-
tors, but by an unknown novel CB1 receptor an-
tagonist-sensitive cannabinoid receptor, whose 
expression was recently proposed to be spe-
cies- and strain-dependent (33). However, recent 
data from our group indicate that CB1 is indeed 
directly involved in the regulation of glutamater-
gic transmission. In fact, we recently reported 
that in the basolateral amygdala of C57BL/6N 
mice, the effects of the cannabinoid agonist WIN 

55212,2 on isolated glutamatergic transmission 
were blocked by SR141716 and were absent in 
CB1-KO mice, indicating that in this brain region 
CB1 receptors mediate pharmacological effects 
of cannabinoids both on GABAergic and gluta-
matergic transmission (34). These data were very 
recently confirmed in the CA1 region of the hip-
pocampus, using CB1-KO mice derived from two 
different mouse strains (C57BL/6J and CD1) (37). 
Furthermore, the use of conditional mutant mice, 
lacking CB1 exclusively in principal neurons (38) 
or in GABAergic neurons (39), revealed that, in 
mice of the C57BL/6N background, WIN 55212,2 
is able to reduce glutamatergic transmission 
by directly acting on CB1 receptors expressed 
in glutamatergic neurons of the hippocampal 
formation (Dominici et al., submitted; Monory 
et al., submitted). These data do not exclude 
the existence of a novel non-CB1 receptor per 
se, but rather provide strong evidence for the 
control of glutamatergic synaptic transmission 
by CB1 in physiological conditions. Interestingly, 
pharmacological stimulation of CB1 receptors 
by THC was recently proposed to inhibit gluta-
mate uptake in striatal slices, in a SR141716- and 
AM251-dependent manner and thereby inhibit 
further glutamate release, by indirect stimulation 
of pre-synaptic metabotropic glutamate recep-
tors (62). These latest data are potentially very 
interesting, because they might indicate a novel 
additional mechanism mediating the actions 
of cannabinoids and possibly of the ECS in the 
modulation of glutamatergic transmission.

Other neurotransmitters
Cannabinoids can also modulate evoked release 
of important neurotransmitters known to partici-
pate in the synaptic activity of brain regions (52). 
Release of noradrenalin in hippocampus (63), 
acetylcholine in hippocampus (64), dopamine 
in striatum (65) and serotonin in cerebral cortex 
(66) were shown to be decreased by exogenous 
cannabinoids in vitro. In some cases, the in vivo 
pharmacological effects of cannabinoids on the 
release of several neurotransmitters appear to 
depend on dose and route of administration. 
Systemic administration of rather high doses of 
cannabinoids decreases the release of acetyl-
choline in hippocampus and prefrontal cortex 
in freely moving rats (67, 68). However, systemic 
lower doses of cannabinoid agonists enhanced 
the release of acetylcholine in hippocampus and 
prefrontal cortex in similar experiments (69), and 
this effect in prefrontal cortex was not observed 
when the drugs were applied locally by reverse 
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microdialysis (70), indicating that the site of ac-
tion of systemically applied cannabinoids might 
not be the prefrontal cortex. Moreover, nore-
pinephrine release was recently shown to be 
increased in the prefrontal cortex by systemic 
administration of the CB1 agonist WIN 55,212-
2 (71). For some of these neurotransmitters, 
a tonic modulation (presumably by endocan-
nabinoids) was proposed, indicated by the pres-
ence of effects of cannabinoid antagonist alone 
or by altered levels of release in CB1-KO mice 
(52). In particular, the hippocampal release of 
acetylcholine in vitro and in vivo was shown to 
be enhanced by administration of the CB1 an-
tagonist SR141716 and in CB1-KO mice (64,68). 
Moreover, in vivo microdialysis studies showed 
that administration of SR1417116 alone is able to 
selectively increase monoaminergic transmission 
in the medial prefrontal cortex (72).

PHARMACOLOGICAL EFFECTS OF 
CANNABINOIDS ON SYNAPTIC PLASTICITY

Changes in the strength and number of synaptic 
connections between neurons are believed to be 
one of the major mechanisms underlying learning 
and memory and to mediate several other func-
tions of the central nervous system. This feature is 
called synaptic plasticity. The most widely studied 
electrophysiological phenomenon regarding syn-
aptic plasticity is long-term potentiation (LTP), a 
process in which the responsiveness of a neuron 
to a particular synaptic input becomes enhanced 
if the same input was repeatedly stimulated previ-
ously. LTP occurs in many brain regions, including 
hippocampus (73) and amygdala (74). For these 
experiments, acute in vitro brain slice prepara-
tions are most commonly used. In general, CB1 
agonists inhibit the induction of LTP (53). These 
effects are abolished by co-application with the 
CB1 antagonist SR141716, indicating that these 
effects are presumably CB1-mediated (53, 60, 
75). Long-term depression (LTD) of excitatory 
post-synaptic currents induced by low frequency 
stimulation (LFS), another hippocampal electro-
physiological mechanism of synaptic plasticity, is 
also inhibited by pharmacological application of 
cannabinoids in the hippocampus (60) and in the 
amygdala (Azad et al., submitted). Interestingly, 
it was recently shown that single in vivo exposure 
to Δ9-THC is able to block LTD in the nucleus ac-
cumbens, as recorded in in vitro slice preparations 
(76), indicating that pharmacological activation of 
CB1 receptors can indeed profoundly alter normal 
synaptic functioning in the brain.

DO EXOGENOUS CANNABINOIDS AND 
ENDOCANNABINOIDS INTERFERE WITH 
SYNAPTIC PLASTICITY VIA THE SAME 
MECHANISM?

The heterogeneity of expression of CB1 and other 
still unidentified cannabinoid receptors in the brain, 
together with the differential mechanisms for synthe-
sis, release and degradation of endocannabinoids 
strongly indicate that the ECS might play diverse, 
spatially and temporally restricted physiological 
functions. Therefore, despite the information avail-
able, pharmacological experiments using cannabi-
noid agonists might not provide conclusive details 
concerning the physiological roles of the ECS.
In the last few years, the use of cannabinoid re-
ceptor antagonists and of mutant mice lacking 
the expression of CB1 has provided evidence for 
important physiological roles of the ECS in the 
regulation of synaptic transmission and plasticity. 
Using these tools, it emerged that CB1 receptors 
and the ECS are involved in physiological synaptic 
processes. An example is shown by the studies 
regarding LTP of excitatory post-synaptic currents 
induced by high frequency stimulation (HFS). CB1 
agonists inhibit LTP in hippocampus induced by 
HSF (53), and CB1-KO mice show an enhancement 
of LTP in hippocampus (77) and in amygdala (78). 
These data would promote the idea of a physi-
ological direct inhibitory role of the ECS on this 
form of synaptic plasticity. However, CB1 antago-
nist treatment on its own does not enhance LTP in 
slice preparation of hippocampus (75) and amy-
gdala (78), presumably indicating that the ECS is 
not directly and acutely involved in the processing 
of HFS-induced LTP (78). Therefore, it is impor-
tant to consider that the effects of exogenously 
applied cannabinoids do not necessarily mimic 
physiological functions of the ECS.
However, two recent publications indicate that LTP 
induced by moderate stimulation (20-50 pulses) or 
by theta-burst stimulations of the Schaffer collat-
erals in the CA1 hippocampal region was indeed 
regulated by endocannabinoids, whereas LTP in-
duced by stronger stimulations (100-200 pulses) 
was not influenced by CB1 receptor blockade 
(79, 80). Moreover, electrical stimulation of hip-
pocampal slices, similar to the one normally used 
to elicit LTP, is able to induce increased levels of 
the endocannabinoid 2-AG (81). Altogether, these 
data suggest that LTP induced by different stimu-
lation protocols might be differentially affected by 
the ECS, whereas pharmacological application of 
cannabinoid agonists is able to exert its inhibitory 
action on LTP independently of the intensity of the 
stimulation (53).
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ENDOCANNABINOIDS AS RETROGRADE 
NEUROTRANSMITTERS: A PHYSIOLOGICAL 
ROLE OF THE ENDOCANNABINOID SYSTEM 
Depolarization-induced suppression of inhibition/
excitation
Pre-synaptic suppression of neurotransmitter 
release induced by post-synaptic depolariza-
tion is an electrophysiological phenomenon 
that was first described a decade ago in the hip-
pocampus (82) and in the cerebellum (54, 83). 
Short depolarization of a post-synaptic neuron, 
accompanied by increase of intracellular Ca2+, 
induces a short-lasting depression of neuro-
transmitter inputs to the same neuron. Initially, 
this phenomenon was described for inhibitory 
GABAergic inputs and was named depolariza-
tion-induced suppression of inhibition (DSI). 
Recently a similar mechanism was described also 
for excitatory glutamatergic inputs in cerebellum 

(DSE) (84) and in the ventral tegmental area (VTA) 
(85). In hippocampus, the existence of DSE was 
also shown, although hippocampal DSE appears 
to be less robust than hippocampal and VTA 
DSI and cerebellar DSE, because it needs much 
longer depolarization periods (54, 86, 87). DSE 
and DSI were recently shown in autaptic cultures 
of isolated hippocampal neurons (88). Given 
that DSI/DSE are produced post-synaptically 
and expressed pre-synaptically, they represent a 
proof of the existence of some sort of signaling 
molecule, which is able to cross the synaptic cleft 
in a backward fashion to modulate the release of 
neurotransmitters. However, the nature of such 
signaling molecules has for a long time remained 
a matter of speculation. In 2001, several very rel-
evant investigations were published, indicating, 
by the use of both CB1 receptor antagonists and 
CB1-KO mice, that endocannabinoids represent 
an important class of such retrograde transmit-
ters regulating DSI/DSE in the CA1 region of 
hippocampus and on cerebellar Purkinje cells 
(84, 89-93) (Fig. 2). Since then, the occurrence of 
endocannabinoid-dependent DSI/DSE has been 
described in many different additional brain 
regions, including the dentate gyrus (94), the 
amygdala (95), the neocortex (96, 97), the basal 
ganglia (98, 99), the ventral tegmental area (85, 
100, 101), the brainstem (102) and the hypothala-
mus (103-106). The physiological characteristics 
of DSI/DSE and their dependence on endocan-
nabinoid signaling were recently extensively re-
viewed (1, 54, 107, 108) and therefore the reader 
is referred to these publications for a more com-
prehensive reading. Here, it is worth mentioning 
the ability of other neurotransmitter systems to 
modulate the actions of the ECS in the context 
of DSI/DSE. Post-synaptic group I metabotropic 
glutamate receptors in the cerebellum (109) and 
in the hippocampus (86, 91) are able to induce 
and enhance DSI/DSE, and this effect appears to 
be mediated by the release of endocannabinoids 
from the post-synaptic neurons and by action 
on CB1 receptors on the pre-synaptic terminals 
(54). Also post-synaptic muscarinic acetylcholine 
receptors in the hippocampus (110) and particu-
larly the M1 and M3 subtypes (111) can partici-
pate in DSI mediated by the ECS. Interestingly, it 
was recently shown that the phospholipase Cβ1 
(PLCβ1) acts as a coincidence detector integrat-
ing metabotropic receptors and intracellular cal-
cium levels for the synthesis and the retrograde 
signaling of endocannabinoids in the hippocam-
pus (112). These data are particularly important, 
because they establish a functional link between 

Fig. 2 - Representation of the synthesis, signalling and degrada-
tion of endocannabinoids at the synaptic site. Key steps and 
mechanisms are depicted. AEA: anandamide; 2-AG: 2-arachido-
noyl glycerol; CB1: cannabinoid receptor type 1; DAGL; diacylg-
lycerol lipase; EC: endocannabinoid; EMT: endocannabinoid 
membrane transporter; FAAH: fatty acid amide hydrolase; MAGL: 
monoacylglycerol lipase; mGluR: metabotropic glutamate recep-
tor; M1/M3: muscarinic acetylcholine receptor type M1 and M3; 
NAPE-PLD: N-acyl phosphatidyl ethanolamine-phospholipase 
D; NarPE: N-arachidonoyl phosphatidyl ethanolamine; PLCβ: 
phospholipase Cβ. 
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metabotrobic transmission and the ECS, provid-
ing a new mechanism for the modulatory effects 
of these systems in the control of synaptic trans-
mission (54, 113). In this context, a recent publi-
cation clearly showed that, at least in the cerebel-
lum, retrograde signaling to reduce pre-synaptic 
neurotransmitter release depends on the spatial 
pattern of synaptic activation, which is under the 
control of type I metabotropic glutamate recep-
tors (114). 
Cyclooxygenase-2 (COX-2) has been recently sug-
gested to play an important role in the regulation 
of endocannabinoid signaling in the hippocampus. 
Indeed, inhibition of this enzyme was shown to pro-
long endocannabinoid-dependent DSI (115) and to 
potentiate the tonic inhibition of endocannabinoids 
on LTP induced by theta-burst stimulation (80).
In the ventral tegmental area (VTA), where dopamin-
ergic neurons innervating different brain areas are 
located, the ECS was recently shown to mediate 
both DSI (Melis and Marsicano, unpublished obser-
vations) and DSE phenomena (85, 101). VTA DSE 
appears to be mediated by the endocannabinoid 
2-AG and, interestingly, it is presumably enhanced 
by post-synaptic somatodendritic release of 
dopamine. Importantly, a similar endocannabinoid-
dependent phenomenon, termed suppression of 
excitation, was observed in the VTA after physi-
ologically relevant patterns of synaptic activity in 
vitro and by selective stimulation of the prefrontal 
cortex in vivo, indicating that similar mechanisms 
may occur in behaving animals to control the firing 
pattern of dopaminergic neurons (101). These data 
provide an interesting mechanism able to partially 
explain the link between the ECS and important 
dopaminergic circuits in the brain and their regula-
tion during physiological and pathophysiological 
processes. 
In the hypothalamus, endocannabinoid-depend-
ent retrograde control of glutamatergic synaptic 
transmission participates in the regulation of the 
stress-response system by non-genomic rapid 
activity of glucocorticoids in the supraoptic and 
paraventricular nuclei (104, 105), where dexam-
ethasone is able to increase the levels of endo-
cannabinoids (103). A recent publication showed 
that endocannabinoid-dependent inhibition of 
GABAergic transmission in the lateral hypotha-
lamus is regulated by leptin signaling, involving 
inhibition of voltage-gated calcium channels and 
activation of intracellular kinases (106). Consider-
ing that the lateral hypothalamus plays a central 
role in motivational aspects of ingestive behavior 
and that leptin reduces hypothalamic endocan-
nabinoid levels (116), these data provide a very 

interesting functional link between the ECS and 
leptin signaling in the context of the processing 
of appetitive value of food.
A recent report showed that in serotonergic neu-
rons of the dorsal raphe nucleus the wake-pro-
moting neuropeptide Orexin-B is able to induce 
a decrease of glutamate release, which depends 
on retrograde release of endocannabinoids (102). 
These data propose an interesting link between 
Orexin-B, activation of serotonergic neurons and 
endocannabinoid regulation, which might emerge 
as important in the modulation of the sleep/wake 
rhythms in living animals.

LTP in hippocampus
DSI is a short-term electrophysiological phenom-
enon (around 1 min, depending on experimental 
conditions), which likely participates in the impor-
tant fine-tuned regulation of the activity of neu-
ronal circuits. However, processing and storage 
of memories are traditionally believed to depend 
mainly on long-term (minutes to days) structural 
or molecular plastic changes at synaptic level. 
The involvement of the ECS in long-term forms 
of synaptic plasticity was recently extensively re-
viewed (108, 117). In this context, the publication 
by Carlson et al. (118) represents an important 
step in the understanding of the involvement 
of the ECS in synaptic plasticity in the hippoc-
ampus. In this investigation, the authors found 
that the release of endocannabinoids during DSI 
enables a normally ineffective train of excitation 
(a train that would not induce LTP per se) to in-
duce LTP in that particular neuron, but not in the 
neighboring neurons. Thus, endocannabinoids 
can facilitate LTP of excitatory transmission. Be-
cause released endocannabinoids travel <20 μm 
in the tissue (93), DSI-mediated LTP facilitation 
must be restricted in space. Therefore, endocan-
nabinoids can target LTP to single neurons that 
previously got sufficient depolarization to induce 
DSI (54, 118). 
However, as discussed above, endocannabinoids 
have been recently implicated in the inhibition 
of at least certain forms of hippocampal LTP, 
probably by a direct inhibition of glutamatergic 
release (79, 80). It is, therefore, possible that the 
ECS might play a dualistic function on hippoc-
ampal LTP, by favoring certain forms via DSI-like 
mechanisms and inhibiting other forms via direct 
inhibition of glutamate release. This hypothesis 
is compatible with the idea of a highly special-
ized and strictly regulated way of activation of 
the ECS in the control of synaptic transmission 
and plasticity.
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Long-term depression of inhibitory currents in 
hippocampus and amygdala
ECS-dependent LTD of inhibitory GABAergic 
currents was described, first in amygdala (termed 
as LTDi) (78) and then in hippocampus (termed 
as I-LTD) (119). In the presence of ionotropic 
glutamate receptor antagonists, stimulation of 
afferent fibers induces a long-lasting (at least 
30-40 min) depression of inhibitory inputs at 
single pyramidal neurons in amygdala and hip-
pocampus. This phenomenon is blocked by the 
CB1 antagonists SR141716 and is absent in the 
amygdala of CB1-KO mice (78), and is blocked 
by AM251 in the hippocampus (119). Both in 
amygdala and hippocampus, LTDi/I-LTD appear 
to be expressed presynaptically (78, 119, 120). 
I-LTD in hippocampus was shown to depend on 
post-synaptic activation of group I metabotropic 
glutamate receptors, which is followed by acti-
vation of phopspholipase C and diacylglycerol 
lipase (119). I-LTD and DSI in the hippocampus 
appear to be mediated by different mechanisms, 
also in respect to whether they are induced by 
electrical or pharmacological stimulation, there-
by indicating that they might account for differ-
ent functions and be regulated in different ways 
(108, 121). However, similarly to DSI (118), also 
the disinhibition caused by I-LTD is able to induce 
alterations of excitability of pyramidal cells, which 
is associated with a facilitation of LTP of excita-
tory currents in hippocampus (119). LTDi in the 
basolateral amygdala depends on post-synaptic 
release of endocannabinoids, induced by the 
postsynaptic activation of metabotropic gluta-
mate receptor 1 (mGluR1)-mediated calcium-in-
dependent mechanism and the activation of the 
adenylyl cyclase-protein kinase A pathway (120). 
Induction of LTDi in the basolateral amygdala is 
able per se to enhance glutamatergic responses 
in the central nucleus of amygdala, which is the 
main output station of the amygdaloid complex, 
indicating that the ECS might participate in the 
selective activation of specific associative circuits 
in this brain region (120). Moreover, unlike hip-
pocampal I-LTD and DSI, which are likely medi-
ated by the endocannabinoid 2-AG (119, 122), 
LTDi in the amygdala is enhanced in mice lacking 
the anandamide-degrading enzyme FAAH, sug-
gesting an involvement of the endocannabinoid 
anandamide (120).

Long-term depression in striatum and nucleus 
accumbens
High frequency stimulation of corticostriatal 
glutamatergic afferents, paired with post-synaptic 

depolarization, causes a LTD of excitatory inputs 
onto dorsolateral striatal neurons, which was re-
cently shown to depend on retrograde endocan-
nabinoid transmission (117, 123). Corticostriatal 
LTD was occluded by the CB1 agonist HU210 and, 
importantly, it was blocked by the CB1 antago-
nist SR141716 and was absent in CB1-KO mice, 
strongly indicating its dependency on the ECS 
(35). Retrograde transmission is involved in this 
form of LTD, because post-synaptic buffering of 
Ca2+ ions abolishes the effects of afferent stimula-
tion (124), very likely inhibiting the production of 
endocannabinoids (117, 123, 125). 
Cortical afferents to the nucleus accumbens express 
CB1 receptors, and CB1 agonists decrease evoked 
post-synaptic excitatory currents onto GABAergic 
neurons in this brain region (36). When these fibers 
are stimulated for 10 min at low frequencies similar 
to the ones naturally occurring in the nucleus ac-
cumbens, a reliable LTD of excitatory post-synaptic 
currents is induced, which is post-synaptically in-
duced and pre-synaptically expressed. This process 
is mediated by endocannabinoids acting at CB1 re-
ceptors (126). Activation of metabotrobic glutamate 
receptors (presumably mGluR5) and mobilization of 
post-synaptic intracellular Ca2+, but not ionotropic 
glutamate and dopamine receptors, play a central 
role in this endocannabinoid-mediated form of syn-
aptic plasticity (126). 

Prefrontal cortex
CB1 receptors can modulate evoked glutama-
tergic trasmission in layer V of pre-frontal cor-
tex (61). Interestingly, whereas the CB1 agonist 
WIN55212,2 induced a depression of glutama-
tergic transmission, the CB1 antagonist SR141716 
conversely enhanced transmission, indicating 
that, unlike other brain regions, the ECS might 
control basal transmission in the prefrontal cor-
tex. After high frequency stimulation of afferents, 
layer V neurons respond with no change, LTP or 
LTD, in an equal proportion. In the presence of 
the CB1 agonist, the proportion of cells undergo-
ing LTD was increased, whereas the CB1 antago-
nist increased the proportion of cells undergoing 
LTP (61). These results indicate that the ECS 
might participate in the regulation of synaptic 
plasticity in layer V prefrontal neurons. Although 
a direct or indirect interaction between CB1 and 
group II metabotropic glutamate receptors was 
recently proposed (127), the exact mechanism(s) 
of such modulation are not clarified yet and the 
existence of a long-term form of retrograde en-
docannabinoid-mediated signaling in this brain 
region remains to be shown. 
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Long-term depression in neocortex
Two reports by Sjöström et al. (128,129) showed 
that retrograde endocannabinoid signaling is 
also at the basis of timing-dependent LTD (tLTD) 
(128) and of subthreshold post-synaptic depolari-
zation-induced LTD (dLTD) (129) of glutamater-
gic currents in pyramidal neurons of neocortex 
(layer 5 of visual cortex). In these studies, strong 
evidence is presented indicating that tLTD and 
dLTD are mediated by a reduction of pre-synaptic 
release of glutamate. Such a reduction depends 
on time-regulated neuronal firing of post-synap-
tic neurons and, therefore, it implies a retrograde 
signaling system and depends on the ECS (128, 
129). Moreover, the authors show that activation 
of pre-synaptic N-methyl-D-aspartate (NMDA) 
represent the coincidence signal paired to CB1 
receptor stimulation to induce tLTD and dLTD. 
These data are very interesting because they 
further show the importance of the ECS for the 
tight spatial and temporal regulation of synaptic 
plasticity. Moreover, to show that tLTD depends 
on CB1 receptors activation, the authors used the 
CB1 antagonist AM251, which does not bind the 
new cannabinoid receptor which has been pro-
posed to be selectively localized on glutamater-
gic neurons (130). Therefore, these results further 
strengthen the idea that CB1 receptors are indeed 
present also in glutamatergic neurons in cortical 
areas and participate in the physiological modu-
lation of excitatory transmission. The work of 
Sjöström et al. (128, 129) is also very interesting, 
because it establishes a functional and temporal 
coincident connection between activation of the 
ECS and stimulation of NMDA receptors. Both 
CB1 and NMDA receptors were proposed to play 
a central role in certain forms of memory process-
ing, such as extinction of aversive memories (78, 
131-133). If similar physiological mechanisms ex-
ist in brain regions relevant for the processing of 
extinction of aversive memories (eg amygdala), 
they might explain how CB1 and NMDA receptors 
could cooperate in modulating synaptic plasticity 
at specific synapses.

Long-lasting self-inhibition of neocortical 
interneurons of cortical GABAergic interneurons
In 2004, a novel function of the ECS was de-
scribed. In low-threshold-spiking (LTS) neocorti-
cal GABAergic interneurons, endocannabinoids 
mediate slow self-inhibition (134). This function is 
exerted after sustained firing of the interneuron, 
increase of intracellular calcium levels and repre-
sents a very interesting mechanism of regulation 
of GABAergic inhibition, which might play a role 

in oscillatory activity of neuronal networks (21). 
An interesting aspect of this phenomenon is that 
the endocannabinoid-mediated self-inhibition 
occurs at the level of single neurons, without the 
need for retrograde release. In addition, this self-
inhibition appears to occur at the somatoden-
dritic level of the GABAergic interneurons, thus 
revealing a completely unsuspected mechanism 
for autocrine action of endocannabinoid signal-
ing (Fig. 1). 
In conclusion to this limited overview of electro-
physiological data, it is worth mentioning that 
the ECS appears to represent a general mecha-
nism able to provide very specific “fine-tuned” 
modulation of neuronal activity. This function is 
exerted in a plethora of brain regions, neuronal 
types, and it can be triggered by several dis-
tinct mechanisms. Further studies will address 
in more detail the functional interplay between 
electrophysiological properties of the ECS and 
the modulation of physiological and pathophysi-
ological functions of the brain.

THE ENDOCANNABINOID SYSTEM IN MEMORY 
PROCESSING

Since the discovery of the structure of THC (6), 
numerous investigations have been performed 
regarding the influence of THC application on 
memory processing (11, 135-138). Studies both 
in animal models and humans have clearly shown 
disruptive effects of THC on memory perform-
ance. The major effect of acute THC treatment 
in humans is the inhibition of the formation of 
short-term memory, a pre-requisite to establish 
long-term memory. Depending on the dose, 
however, subjects are still able to learn easy tasks 
and those that do not require a lot of attention. 
Difficult tasks and those that may contain tedious 
exercises are rather strongly impaired after THC 
treatment. Interestingly, the retrieval of memory 
traces acquired before the THC treatment is gen-
erally not affected. Furthermore, it is interesting 
to note that chronic THC consumption only leads 
to subtle changes in the learning capabilities 
when tested under a drug-free state. All these 
pharmacological studies, both in humans and 
animal models (139), have not been able to pro-
pose conclusive ideas about the role of the ECS 
under physiological conditions. 
In order to understand the roles of the ECS in 
learning and memory, a whole battery of behav-
ioral tests have been used in rodents. Similarly as 
for investigations on the importance of the ECS in 
other physiological processes including feeding 
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behavior, pain perception or reward properties, 
the pharmacological treatment of animals with 
CB1 receptor antagonists (eg rimonabant) and the 
use of CB1 receptor-deficient mice have emerged 
as very powerful. The ECS appears to inhibit the 
formation and stability of memory traces, as evi-
denced by the following two studies: (1) in a social 
recognition test, rats treated with rimonabant rec-
ognized unfamiliar young rats in repeated expo-
sures much better than control treated animals are 
able to do (140); (2) in an object recognition task, 
which is rather similar to a social recognition test, 
CB1 receptor-deficient mice were able to recog-
nize novel objects much better than control mice 
(141). This concept has recently been extended, 
by using mice of different ages (142). Consistent 
with the data obtained from the studies men-
tioned above, young animals with CB1 receptor 
deficiency showed increased memory perform-
ance. In middle-aged animals, the difference be-
tween CB1 receptor knock-out animals and control 
mice was alleviated. Interestingly, however, in old 
mice, the relation became inverted. Memory per-
formance was impaired in CB1 receptor-deficient 
mice. This is a highly interesting result, although 
the mechanisms underlying this memory deficit 
have not yet been fully elucidated. In old CB1 re-
ceptor-deficient mice, neurodegenerative proc-
esses were described in the hippocampus (142). 
Considering that in this important study CB1 re-
ceptor deficient mice and wild-type controls were 
not littermates, but derived from homozygous 
breedings, possible developmental defects due 
to altered pregnancy and maternal behavior can-
not be ruled out at this point. 
How can these results be interpreted? A possible 
scenario may be the following: in other studies, it 
has emerged that the loss of CB1 receptors leads 
to an increased seizure susceptibility towards kai-
nic acid, a seaweed-derived compound that acti-
vates glutamate receptors (38). This suggests that 
neuronal excitability is generally increased in CB1 
receptor-deficient mice. Increased neuronal ac-
tivity may well lead to an increased capability for 
the acquisition of new memories. This advantage 
is clearly seen in young mice, which learn better 
in several behavioral paradigms. In old animals, 
however, the situation has not developed in a fa-
vourable manner. Life-long increase of neuronal 
excitability has led to neurodegenerative proc-
esses in the hippocampus. This comes together 
with the observation that the loss of CB1 receptor 
may also lead to a slightly over-activated or less 
stable stress axis (ie hypothalamus-pituitary-ad-
renal axis), leading to a general increase of corti-

costeroid levels in the body or to higher suscepti-
bility to stress (11, 143-145). It is well established 
that long-term increases of corticosteroid can 
induce loss of hippocampal neurons. The situa-
tion of hyperexcitability in CB1 receptor-deficient 
mice is comparable to transgenic mice overex-
pressing a particular type of glutamate receptors 
(NMDA receptor type NR2B) in the forebrain 
(146). These mice also show increased learning 
abilities in several learning paradigms, however, 
with the concomitant disadvantage of increased 
inflammatory pain (147). Thus, in conclusion, the 
ECS may have a restrictive and disadvantageous 
effect on memory performance in young animals, 
but in the long run, the system has the capability 
to stabilize neuronal functions in order to func-
tion well until older age.
In other studies, loss of CB1 receptors led to 
another negative effect on memory processing, 
namely to an impaired ability of the organism to 
adjust the behavior in an adequate manner after 
aversive memory traces were acquired (78). In a 
broad sense, such a process could be termed as 
flexibility of the organism’s behavior to changes in 
the context, meaning or relevance of previously 
acquired memory traces. In learning theories, this 
is called the process of extinction, which can be 
studied particularly well in the behavioural para-
digm of fear conditioning (132). Here, typically, 
rodents receive a loud, but per se harmless tone. 
The tone co-terminates with a short mild electric 
shock. This will induce an association of the tone 
with the shock, and the strength and persistence 
of this association can be evaluated on the follow-
ing days by a presentation of the tone alone and 
measuring the percentage of freezing behavior as 
normalized to the total duration of the tone pres-
entation. As the animals expect a shock when the 
tone is presented, they freeze very strongly only 
on hearing the tone. This fear reaction, however, 
will decrease gradually after several tone presen-
tations, as the noxious shock is not received. This 
decrease is called extinction, an adaptive reaction 
of the organism. Relevantly, CB1 receptor-defi-
cient mice do show strongly impaired extinction 
in the fear conditioning task (78). It is important to 
note that acquisition and consolidation of these 
aversive memories were not changed in CB1 re-
ceptor mutant mice, and that these results were 
completely mimicked by using CB1 antagonist in 
wild-type mice. As in this study, the behavioral 
paradigm was chosen in a manner to focus on 
amygdala-dependent learning, levels of endo-
cannabinoids were determined in the amygdala 
immediately after the tone presentation (ie after 
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the extinction trial) in wild-type mice. It was found 
that both anandamide and 2-arachidonyl glycerol 
were strongly increased in the amygdala as com-
pared to control groups, indicating that the ECS 
is in fact activated at the moment of extinction. 
Another study focussed on hippocampal-depend-
ent learning and also found that pharmacological 
blockade of CB1 receptor impaired the extinction 
of contextual fear (148).
Consistent with these results are the studies of CB1 
receptor-deficient mice in another memory test, 
the Morris water maze. In this task, mice have to 
learn the location of an invisible escape platform 
in a small water tank. Both wild-type controls and 
CB1 receptor mutant mice were able to gradually 
learn this location with the same efficiency and ac-
curacy. However, in the so-called reversal test, in 
which the position of the platform is placed in the 
opposite quadrant of the pool, CB1 receptor-de-
ficient mice showed a reduced capability to learn 
the change of position, and thus, more frequently 
keep on swimming to the previous platform posi-
tion (149, 150). This reveals an impaired extinction 
of the previously acquired memory trace and an 
impaired flexibility to the new situation where the 
platform is placed. 
As several human pathologies, such as post-trau-
matic stress disorders and phobia, are described 
by inadequate reactions to stressful event, the no-
tion has emerged that the ECS may be a promising 
target for pharmacologically supported exposure 
therapies (11). At least in rodent models, com-
pounds leading to an enhancement of the activity 
of the ECS enabled an acceleration of extinction of 
aversive memories (151). 
An unresolved issue on the involvement of the 
ECS in memory processing is the question on the 
distinct roles of the ECS in either the initial acqui-
sition of new memory traces or in the extinction 
of memories. Here, more analyses of CB1 recep-
tor-deficient mice are required using additional 
behavioral paradigms. An emerging possibility is 
that CB1 receptors are specifically involved in ex-
tinction processes when aversive components are 
present (11). Recent experiments showed that, in 
an appetitive operant memory task, CB1 recep-
tors were not required (152). Furthermore, stud-
ies are needed to precisely determine the brain 
regions and neuronal circuits that are involved 
in CB1 receptor-mediated extinction of aversive 
memories. It would not come as a surprise to find 
amygdala, hippocampus and prefrontal cortex 
to be important, but conclusive experiments are 
not yet available. At the cellular level, a recent 
study addressed the question on biochemical 

changes in CB1 receptor mutants as compared to 
wild-type littermates in the context of extinction 
of aversive memories. The expression and activa-
tion of intracellular signalling molecules involved 
in the modulation of extinction behavior, such as 
calcineurin (153, 154) and extracellularly-regulat-
ed kinases (132, 155) were shown to be dysregu-
lated in CB1 deficient mice, possibly providing 
cellular mechanisms for the involvement of CB1 
receptor extinction of acquired fear (145).
In the context of the various functions of endocan-
nabinoids and CB1 receptors in the modulation 
of synaptic transmission, defining a link between 
changes in electrophysiological properties and be-
havioral changes has proved to be elusive. In this 
sense, the understanding of the mechanisms under-
lying ECS-mediated memory processing is still su-
perficial and needs a lot of more carefully designed 
experiments. 

THE ENDOCANNABINOID SYSTEM IN 
NEUROPROTECTION

A large body of research indicates that exogenous-
ly applied cannabinoids and endocannabinoids 
are able to mediate protection against various 
insults to the brain, including excitotoxic events 
(eg induced by epileptic seizures), closed head 
injuries, stroke and neuroinflammatory events 
(9, 156-159). The ECS is therefore implicated as 
a therapeutic target to alleviated or at least slow 
down the progression of several neurodegenera-
tive diseases such as Huntington chorea, Parkin-
son’s disease, Alzheimer’s disease and multiple 
sclerosis. It is important to note that these protec-
tive effects are mediated by different mechanisms, 
which can be grossly classified as follows: 
1-  extracts from Cannabis sativa contain a com-

plex mixture of cannabinoids. Δ9-THC, the 
major psychotropic compound in Cannabis, 
is able to bind to CB1 and CB2 receptors, but 
most Cannabis-derived cannabinoids, eg can-
nabidiol and cannabinol, do not display bind-
ing activities to cannabinoid receptors. Most if 
not all these plant-derived cannabinoids share 
the phenolic moiety as a lead structure typi-
cal for antioxidants. Thus, these compounds 
can very potently mediate protection against 
various forms of oxidative stress in a receptor-
independent manner (160, 161). Remarkably, 
the protection by cannabinoids is comparable 
to other antioxidative biomolecules such as 
ascorbic acid (vitamin C) and α-tocopherol 
(vitamin E). The underlying mechanisms have 
not been studied intensively, but for example 
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in a rat model of diabetic retinopathy, the neu-
roprotective effect of cannabidiol is mediated 
by p38 kinase (162); 

2 -  the large majority of protective effects are me-
diated by cannabinoid receptors. Generally, 
CB1 receptors are involved in the protection 
of neurons, while CB2 receptors and also to 
a lower extent CB1 receptors mediate pro-
tection when microglial cells are activated in 
neuroinflammatory responses (159). A remark-
able feature of the ECS as a protective mecha-
nism is the fact that cannabinoid receptors 
are present in both neurons and microglial 
cells, but also astrocytes contain a functional 
ECS (163). As there is a tight communication 
between neurons and glia, the mechanisms 
underlying ECS-mediated protection have 
emerged as rather complex (159, 164). In fact, 
excitotoxic events may finally also lead to 
neuroinflammatory events, and, thus, the ECS 
exerts roles at different points in the progres-
sion of brain damages. 

Mechanistically, receptor-mediated protection may 
be divided as follows:
 a)   CB1 receptor activation generally leads to a de-

crease in neuronal excitability, due to the fact 
that receptor activation decreases the influx of 
calcium ions by inhibiting calcium channels, and 
increases the efflux of potassium by activation of 
potassium channels (7, 165); 

 b)   CB1 receptor activation can also initiate intracel-
lular signalling cascades, leading to immediate 
cellular responses after CB1 receptor activation 
by changing the activity of kinases and possibly 
phosphatases (166, 167); 

 c)   activated intracellular signalling cascades are also 
able to transfer the information rather quickly to 
the nucleus in order to activate gene transcrip-
tion. These immediate early genes include the 
transcription factors c-Fos and zif268, and the 
neurotrophin BDNF (38, 168); 

 d)   the activation of CB2 receptors is able to influence 
various intracellular signalling cascades that may 
be distinct from those mediated by CB1 recep-
tors, depending on the cell type (159, 164). 

It is important to note that both exogenous can-
nabinoids and endocanninoids may also confer 
neurotoxicity, depending on the dose, the cell 
type and experimental paradigm used (169). 
However, these effects are mostly seen when can-
nabinoids are added exogenously to the system. 
Thus, a clear distinction should be drawn in the 
interpretations of such observations as to whether 
the endogenous system would mediate such toxic 
effects too. Clearly, one particular feature of the 

ECS is that the dose-response curve is sometimes 
not linear, and it can happen for example in lo-
comotor activity measurements that low doses of 
anandamide increase locomotion while high doses 
suppress it (170). The cell types involved can also 
matter very much, eg the activation of CB2 recep-
tor in gliomal tumors reduces growth and can also 
induce apoptotic signals. The activation of CB1 is 
also able to reduce proliferation in certain tumors 
(171, 172), while activation of CB1 receptors in 
the context of the endogenous system is able to 
enhance the proliferation of neuronal precursors 
both in the embryonic neural tissue and in the 
adult brain (173). Thus, the same ligands are able 
to activate signals that lead to opposing effects. 
Apparently, however, the pathological status, eg a 
tumor, may differently use the cannabinoid signal-
ling as compared to the signalling employed in a 
physiological context. 
Antipodal features are also found in neuroana-
tomical distribution of CB1 receptors in the cen-
tral nervous system. As described in the previous 
paragraphs, CB1 receptors are expressed in two 
very different neuronal subpopulations, ie in 
inhibitory GABAergic interneurons and in exci-
tatory glutamatergic neurons (17, 38). In both 
neuronal populations, CB1 receptor activation 
leads to a suppression of the release of neuro-
transmitters. Thus, the ECS is a modulator of 
both neurotransmitter systems, which must be in 
an appropriate balance with each other in order 
to guard the activity of the brain within certain 
limits. Furthermore, there is strong evidence that 
the ECS is activated on-demand (2, 3, 38). Con-
sequently, the system displays distinct activity 
pattern during the time it exerts its functions. In 
particular, distinct triggers initiate the synthesis 
of endocannabinoids, and the signal is rapidly 
terminated by efficient uptake and degradation 
processes (2-4). 
These two typical features of the ECS (ie spatial 
and temporal specificity) will be exemplified be-
low in a model of excitotoxicity induced by kainic 
acid (KA), a seaweed derived amino acid, which 
activates KA receptors, a subclass of glutamate re-
ceptors (174). Systemic KA injections into rodents 
induce strong seizures, which can be quantified in 
their intensities. As discussed above, activation of 
CB1 receptors located on pre-synaptic glutamater-
gic terminals will lead to a suppression of gluta-
mate release. Thus, it does not come as a surprise 
that CB1 receptor-deficient mice do show much 
increased susceptibility to KA-induced seizures 
(38). To validate the importance of CB1 recep-
tors on glutamatergic terminals, a mouse line was 
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generated with a specific loss of CB1 receptors on 
the principal projecting neurons of the forebrain, 
including neocortical glutamatergic neurons (38). 
These mice showed as strong seizures as the mice 
with CB1 receptor loss in all the cells of the body. 
On the other hand, mice with a specific loss in all 
GABAergic forebrain neurons displayed the same 
low susceptibility to KA-induced seizure as wild-
type littermates (Monory et al., submitted). These 
experiments clearly establish the importance of 
CB1 receptors on glutamatergic neurons and in-
dicate that the ECS is activated in a very spatially 
restricted manner to exert different functions in 
the brain. The second feature discussed above, 
the characteristics of on-demand activation of the 
ECS, was also addressed by measuring the levels 
of anandamide at different time points after KA 
injection. It was found that these levels transiently 
increased and reached the basal levels after 1-2 
h (38). For the second endocannabinoid 2-AG, 
no temporal changes were found, suggesting a 
possible differential role of anandamide and 2-AG 
in the protection from KA-induced seizures. The 
concept of the on-demand activation of the sys-
tem can also be exemplified by experiments per-
formed in mice lacking the anandamide degrad-
ing enzyme FAAH. These mice have about a 10- to 
15-fold increase in anandamide in the brain (175). 
These elevated levels, however, do not lead to an 
increased protection from KA-induced seizures 
(176). Paradoxically, instead, these mutant mice 
were more sensitive to KA, and also additional 
endocannabinoids, exogenously applied, were 
pro-convulsive. Altogether, these results strongly 
suggest that the continuously elevated levels of 
endocannabinoids and a concomitant activation 
of CB1 receptors in the FAAH-deficient mice are 
not beneficial at all, and probably interfere with 
the regulated on-demand synthesis of endocan-
nabinoids and activation of CB1 receptors, which 
naturally would mediate the protection from KA. 
In conclusion, the neuroprotective functions of 
the ECS appear to rely in great part on the tem-
porally and spatially restricted activation during 
acute and chronic pathophysiological processes. 
Therefore, the use of drugs able to specifically 
enhance the on-demand production of endocan-
nabinoids in the brain will represent promising 
therapeutic tools to tackle neurodegenerative 
diseases (5).

CONCLUSIONS

The ECS is emerging as a very important neu-
romodulatory system, able to regulate several 

functions of the brain. Its activation strongly con-
tributes to the maintenance of the healthy state of 
the brain and alterations in its activity participate 
in the etiology or pathophysiology of many neu-
rologic and neuropsychiatric diseases. Pre-clinical 
and clinical studies indicate that both hypo- or 
hyper-activation of the ECS contribute to the 
development and/or the symptomatology of dif-
ferent diseases at peripheral and neuronal levels. 
Importantly, given its biochemical and physi-
ological features, the ECS appears to act “on-de-
mand”: only when and where its activity is needed 
does the system intervene to maintain the body’s 
homeostasis. These peculiar characteristics make 
the ECS a very promising target for therapeutic 
approaches, which, depending on the particular 
disease, might be based both on the inhibition 
and on the enhancement of its activity.
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Endocannabinoids and the gastrointestinal tract
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ABSTRACT. In the past centuries, different 
preparations of marijuana have been used 
for the treatment of gastrointestinal (GI) dis-
orders, such as GI pain, gastroenteritis and 
diarrhea. Δ9-tetrahydrocannabinol (THC; the 
active component of marijuana), as well as 
endogenous and synthetic cannabinoids, exert 
their biological functions on the gastrointes-
tinal tract by activating two types of cannabi-
noid receptors, cannabinoid type 1 receptor 
(CB1 receptor) and cannabinoid type 2 recep-
tor (CB2 receptor). While CB1 receptors are 
located in the enteric nervous system and in 
sensory terminals of vagal and spinal neurons 
and regulate neurotransmitter release, CB2 re-

INTRODUCTION

Even before recorded human history, marijuana 
was recognized to have therapeutic potential. It 
was recommended to use as an analgesic, anti-
convulsant, anti-emetic or appetite stimulating 
medication as early as the third millennium B.C. 
For a long time, however, this ancient knowledge 
could not be translated into modern medical terms 
as data about the substrates of these effects were 
missing. The first big step towards the understand-
ing of the therapeutic effects of cannabis was the 
identification of Δ9-tetrahydrocannabinol (THC), 
the pharmacologically active compound of mari-
juana (1). Eventually this discovery was followed 
by the identification of the endocannabinoid sys-
tem, a widespread endogenous neuromodulatory 
system with various physiological functions. 
The endocannabinoid system consists of the can-
nabinoid receptors cannabinoid type 1 receptor 
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(CB1 receptor) and cannabinoid type 2 receptor 
(CB2 receptor), their endogenous ligands, and 
the enzymatic machinery necessary for their syn-
thesis, re-uptake and degradation (2). 
The five endogenous cannabinoid ligands that 
have been identified to date share some struc-
tural similarities, namely they are all polyunsatu-
rated fatty acids/arachidonic acid derivatives. 
Out of these ligands anandamide (AEA) (3), 
2-arachidonoyl glycerol (2-AG) (4), noladin-
ether (5), vhirodamine (6) and N-arachidonoyl-
dopamine (NADA) (7), undoubtedly AEA and 
2-AG are the two best characterised. As endo-
cannabinoids are lipids, mostly generated from 
membrane phospholipid precursors, they are not 
stored and released like typical neurotransmitters 
but synthesized on-demand by Ca2+-inducible 
enzymes. These enzymes are N-acylphosphati-
dylethanolamine hydrolyzing phospholipase D 
(NAPE-PLD)(8) for AEA and diacyl-glycerol lipase 
(DAGL) α and β for 2-AG (9). Both isoforms of 
DAGL are post-synaptically localized (9). These 
enzymes are presumably anchored to the plasma 
membrane (DAGL) (9) or internal membrane 
compartments (NAPE-PLD) (10). 
Once the post-synaptic cell is activated, thus its 
intracellular Ca2+-concentration increased, the 
endocannabinoid synthesis can take place. The 

ceptors are mostly distributed in the immune 
system, with a role presently still difficult to es-
tablish. Under pathophysiological conditions, 
the endocannabinoid system conveys protec-
tion to the GI tract, eg from inflammation and 
abnormally high gastric and enteric secretion. 
For such protective activities, the endocannab-
inoid system may represent a new promising 
therapeutic target against different GI disor-
ders, including frankly inflammatory bowel dis-
eases (eg, Crohn’s disease), functional bowel 
diseases (eg, irritable bowel syndrome), and 
secretion- and motility-related disorders.
[J. Endocrinol. Invest. 29 (Suppl. to no. 3): 47-57, 2006]
©2006, Editrice Kurtis
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ligands are then released into the intracellular 
space possibly aided by an enzyme-mediated 
transport mechanism. After binding to the can-
nabinoid receptors, the signal is terminated by an 
endocannabinoid transporter. The existence of 
this enzyme-mediated transport mechanism was 
fervently debated, as some explained the in- and 
outflow of the highly lipophilic (ie membrane sol-
uble) endocannabinoid compounds by diffusion; 
but recent biochemical evidence showed that it is 
indeed a separate molecular entity (11). The de-
activation of AEA and 2-AG occurs by fatty acid 
amide hydrolase (FAAH) (12) and monoglyceride 
lipase (MGL) (13), respectively. Interestingly, the 
localization of these enzymes is complementary: 
MGL can mostly be found pre-synaptically (14) 
while FAAH is post-synaptic (15) and restricted to 
internal membrane compartments (16). The post-
synaptic localization of the synthetic and pre-syn-
aptic localization of the degradation machinery 
of 2-AG point to the important role of this endo-
cannabinoid as a retrograde transmitter (17). 
CB1 is a seven-transmembrane domain receptor, 
associated mainly with inhibitory G proteins (Gi/

o), but evidence also exists indicating that differ-
ent G-protein subtypes are involved in CB1 signal 
transduction (18, 18-21). On the intracellular 
level, CB1 activation leads to inhibition of adeny-
lyl cyclase (22), inhibition of voltage-activated in-
ward calcium currents (23, 24) through a pertussis 
toxin sensitive mechanism, inhibition of  N-type 
and P/Q-type calcium channels (24), activation 
of inwardly rectifying potassium channels (25, 
26). Out of the more distant intracellular effector 
molecules, several were shown to be associated 
with CB1 activation: kinases like ERKs Akt/ PKB, 
PI3 kinase, transcription factors such as krox24, 
c-fos, BDNF and, very recently, the phosphatase 
calcineurin (27-29). 
CB2 receptor also belongs to the seven-trans-
membrane domain receptor family, and is cou-
pled to Gi/Go proteins. CB2 inhibits adenylyl 
cyclase, but is not coupled to the activation of 
phospholipases A2, C, or D or to the mobilization 
of intracellular Ca2+ (30).
CB1 receptors are mainly expressed in the central 
(31) and peripheral nervous system, adipocytes, 
endothelial cells and pancreas (32, 33). Although 
CB2 receptors are mostly found outside the nerv-
ous system, recent publications describe the 
presence of this receptor in spinal cord (34, 35) 
and brain (36). CB2 is found most abundantly in 
immune tissues, blood cells, mast cells, keratino-
cytes, pancreas and bone (37-41), suggesting a 
probable role for endocannabinoids as immu-

nomodulators. Acting mainly pre-synaptically, 
the endocannabinoids are able to modulate the 
release of other neurotransmitters, including 
GABA, glutamate and acetylcholine. Activation 
of CB1 receptors was shown to modulate several 
functions in the GI tract, including gastric secre-
tion, gastric emptying and intestinal motility, 
and these results are largely in agreement with 
anecdotal reports from folk medicine on the use 
of Cannabis sativa extracts by subjects suffering 
from various GI disorders. Thus, the endocannab-
inoid system may serve as a potentially promising 
therapeutic target against different GI disorders, 
including frankly inflammatory bowel diseases, 
functional bowel diseases, and secretion- and 
motility-related disorders.

DISTRIBUTION OF DIFFERENT COMPONENTS 
OF THE ENDOCANNABINOID SYSTEM IN
THE GASTROINTESTINAL TRACT

CB1 receptors were shown to be present in 
the whole gastrointestinal tract. In the parotid 
glands CB1 is present and affects salivary gland 
function (42); in the esophagus it modulates 
lower esophageal sphincter relaxation (43). The 
presence of CB1 and CB2 cannabinoid receptor 
mRNA within the rat stomach was demonstrated 
by reverse transcription polymerase chain reac-
tion (RT-PCR), where the cannabinoids modulate 
excitatory and inhibitory neurotransmission in the 
rat gastric fundus (44), gastric secretion and gas-
tric emptying (45). The small and large intestine, 
too, contain CB1 and CB2 receptors that control 
intestinal motiliy (46) and promote epithelial 
wound healing (47)
In particular, CB1 receptors are localized in the 
enteric nervous system, specifically in neurons 
and fibers in the myenteric and submucosal 
plexuses (48), while electrophysiological studies 
provided functional evidence of the existence of 
pre-junctional CB1 receptors in the human ileum 
longitudinal smooth muscle (49). The endocan-
nabinoid 2-AG was isolated for the first time in 
1995, from canine intestine (4). Later, anandam-
ide was isolated in small intestine of mice (50). 
The anandamide degrading enzyme FAAH was 
characterized in mouse (51) and rat (52) intestine. 
Different functional studies provided evidence 
for an anandamide transporter in the GI tract (51, 
53). CB1 receptors were found in the GI tract of 
different species, including mice, rats, guinea-
pig, pig and humans (46, 48, 49, 54).
On the other hand, CB2 receptor mRNA was 
found primarily in immune cells, including rat peri-
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toneal mast cells (55). This expression is possibly 
important during inflammatory processes in the 
GI tract (56).
Moreover, experiments performed on guinea-pig 
small intestine (57) demonstrated the presence of 
CB1 and CB2 receptor mRNA in this tissue. While 
CB1 receptor was also detected in myenteric 
plexus preparation, Griffin et al. (57) noted the 
presence of CB2 receptor only in the whole seg-
ment of the intestine, suggesting that blood cells 
account for the presence of CB2 receptor. In the 
mouse gut, CB1 receptor protein was detected 
by immunoblotting with a differential expression 
along the various segments of the gut (46).
In the gut, CB1 receptors are widely co-local-
ized with acetylcholine transferase, a marker for 
cholinergic neurons. This observation supports 
the role of endocannabinoids as inhibitors of 
intestinal motility and secretion (58), by presum-
ably inhibiting cholinergic neurotransmission in 
the GI tract. CB1 receptors are partly co-localized 
with substance P immunoreactive intestinal neu-
rons but not with nitric oxide synthase immunore-
active neurons or fibres (54, 59, 60). 
Finally, immunohistochemical studies revealed 
that some neurons containing δ-opioid receptor-
like immunoreactivity are also immunoreactive 
for κ-opioid, CB1 and TRPV1 receptors. These 
observations indicate that these receptor sys-
tems may interact with each other to modulate in-
testinal sensory-motor function in the myenteric 
plexus (59). 

PHYSIOLOGICAL ROLES OF THE 
ENDOCANNABINOID SYSTEM IN THE GI TRACT

Endocannabinoids and cannabinoid drugs exert 
a wide range of biological effects out of which 
several are related to the function of the GI tract. 
Originating from century-old folk medicine, cur-
rent medical research tries to explore possible 
therapeutic uses of drugs acting at the endocan-
nabinoid system, in the control of GI physiology. 
Several studies have proven that the endocan-
nabinoid system is involved in the modulation 
of  food intake, through cannabinoid receptors 
both in the brain where they modulate rewarding 
properties of food by acting at specific mesolim-
bic areas, and in the periphery where they con-
trol metabolic functions by acting on peripheral 
tissues, such as adipocytes, hepatocytes and in 
particular the physiology of the gastrointestinal 
tract (61, 62). CB1 receptor is expressed in the 
hypothalamus and the pituitary gland and it has 
been demonstrated that its activation can modu-

late the hypothalamus-pituitary-adrenal (HPA) 
axis. Moreover, CB1 receptors can modulate food 
intake by acting on capsaicin-sensitive sensory 
terminals showing a potentially important role 
for peripheral CB1 receptors in the regulation of 
food intake (63) 
Several studies demonstrated the role of the 
endocannabinoid system in the regulation of 
gastric acid secretion. WIN55,212-2 and HU210, 
two potent CB1 agonists are able to inhibit, with 
a peripheral mechanism, gastric acid secretion 
induced by pentagastrin in rats, and these effects 
are reversed using different CB1 receptor antago-
nists (64-66). Moreover, Δ9-THC is able at high 
doses to reduce histamine induced secretion in 
isolated stomach preparations from rats (67). 
Several results suggest that the gastric anti-se-
cretory effects of cannabinoids might be related 
to the activation of CB1 receptors on pre- and 
post-ganglionic cholinergic fibers (65). 
The endocannabinoid system plays an important 
role in the control of gastric emptying and motil-
ity too. The administration of Δ9-THC was shown  
to reduce the gastric emptying rate and to slow 
intestinal motility both in rodents (68) and in hu-
mans (69). Intestinal motility is inhibited in mice 
by the administration of Δ9-THC and cannabinol, 
but these two compounds showed a lower ef-
fectiveness in reducing gastric emptying (70). 
The role of the endocannabinoid system in the 
control of GI physiology has been confirmed by 
several pharmacological experiments. Admin-
istration of the CB1 agonists WIN55,212-2 and 
CP55,940 have been shown to be able to lower 
intestinal motility, while selective CB1 antagonist 
SR141716 antagonizes this effect (71, 72), prov-
ing that these effects are mediated by CB1 recep-
tor, although until today no direct role on parietal 
cells has been proven. Moreover, iv administered 
Δ9-THC is able to evoke long-lasting decreases 
in intragastric pressure and pyloric contractil-
ity, and these changes in gastric motor function 
were abolished by the use of the CB1 antagonist 
SR141716 (73). Moreover, Partosoedarso et al. 
(43) demonstrated that Δ9-THC can modulate 
reflex lower esophageal sphincter (LOS) func-
tion and that the most likely site of action is via 
the CBI receptor, concluding that this effect of 
Δ9-THC may have implications in treatment of 
gastro-oesophageal reflux and other upper gut 
disorders.
CB2 receptors too seem to participate in the 
control of GI motility at least during pathologi-
cal states. Mathison et al. (74) demonstrated that 
lipopolysaccharide treatment increases GI motil-
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ity. This increased motility was reduced to basal 
levels by the application of CB2 agonist, but 
not by a CB1 agonist. The inhibition by the CB2 
agonist was dose dependent and prevented by 
a selective CB2 antagonist. The stimulation of 
CB2 receptors in response to lipopolysaccharide 
might be a mechanism for the re-establishment of 
normal GI motility after an inflammatory stimulus 
and a possible target for future clinical applica-
tion. Recently, the role of the anandamide in the 
control of intestinal motility during physiological 
and pathophysiological states has been inves-
tigated. Capasso et al. (75) demonstrated that 
intestinal motility is inhibited by selective FAAH 
inhibitors and that this effect is reduced by CB1 
receptor antagonists, but not by TRPV1 receptor 
antagonists. Mascolo et al. (76) showed that the 
intestinal hypomotility typical of paralytic ileus is 
due, at least in part, to the enhanced anandamide 
levels and CB1 expression during this condition, 
demonstrating that acetic acid-induced ileus 
was alleviated by the CB1 receptor antagonist 
SR141716A and worsened by VDM11, a selective 
inhibitor of anandamide cellular uptake.
Endogenous and synthetic cannabinoids are able 
to inhibit, in a CB1 receptor-dependent man-
ner, electrically evoked contractions in isolated 
small intestine of guinea-pig (53, 77), although 
cannabinoids do not seem able to modify the 
contractions induced by direct application of 
exogenous acetylcholine which is responsible for 
promoting the contraction of intestinal smooth 
muscle via post-junctional muscarinic receptors 
(53). Interestingly, Mang et al. (78) demonstrated 
that anandamide inhibits the electrically evoked 
release of acetylcholine acting on CB1receptors, 
and, at the same time, it acts on TRPV1 recep-
tors leading to an increase of basal levels of 
acetylcholine. Another important aspect to un-
derstand the physiology of the endocannabinoid 
system is to analyze possible interaction with 
other systems.
In the GI tract, both inhibitory and stimulatory 
factors appear to regulate food intake. Chole-
cystokinin (CCK) is a satiety hormone that medi-
ates its effects via vagal afferent neurons (79), 
while agonists of CB1 are known to stimulate 
food intake (61). Vagal neurons were shown to 
co-express CB1 and CCK-1 receptor. Retrograde 
tracing demonstrated that these CB1 and CCK-1 
receptor expressing neurons project to the stom-
ach and duodenum where they might modulate 
the effects of food intake on satiety signals from 
the GI tract (80). The expression of CB1receptors 
increases by withdrawal of food. After re-feeding 

of fasted rats, CB1 receptor expression decreases 
rapidly as identified by immunohistochemistry 
and in situ hybridization. Administration of the 
CCK-1 receptor antagonist lorglumide blocks 
these effects while administration of CCK to 
fasted rats mimicks them. 
A large number of publications have shown a 
crosstalk between the endocannabinoid and the 
opioid systems in the central nervous system (99). 
However, it remains to be proven that these two 
neuromodulatory systems have a functional inter-
action in the gut. On one hand, GI sensory nerve 
fibers, that are considered to be important tar-
gets of novel drugs for the treatment of functional 
bowel disorders and visceral pain (81), coexpress 
CB1 and opioid receptors (59), Moreover, both 
receptors are involved in the inhibition of visceral 
perception and are overexpressed in models of 
intestinal inflammation (50, 81, 82). On the other 
hand, the general opioid antagonist, naloxone, 
does not counteract the effects of CB1 receptor 
agonists on motility (83, 84). Furthermore, inflam-
mation-induced enkephalin expression does not 
appear to be modulated by CB1 receptors during 
experimentally induced colitis in mice (82).
Even though the recognition of the endovanilliod 
system is very recent (85), the closest interactions 
might be between the endocannabinoid and the 
endovanilloid systems, as the prototypical endo-
cannabinoid ligand, anandamide, binds to the 
transient receptor potential vanilloid receptor 1 
(TRPV1) too. Consequently, a number of studies 
demonstrated this interaction between the en-
docannabinoid and the endovanilloid systems in 
the GI tract as well (86, 87), where anandamide 
was shown to bind to TRPV1 vanilloid receptors 
in sensory neurons (86).
Importantly, in an in vitro study, TRPV1 receptor-
expressing sensory neurons were shown to ex-
press CB1 receptors as well (88), which might sug-
gest that anandamide controls excitability and 
neurotransmission in primary sensory neurons. 
Recently, Ahluwalia et al. (89) demonstrated that 
anandamide, through TRPV1 receptor, controls 
the release of calcitonin gene-related peptide 
(CGRP), a neurogenic mediator during inflam-
mation, in capsaicin-sensitive sensory neurons in 
vitro and this effect is potentiated by applying a 
CB1 antagonist (89).

THE ENDOCANNABINOID SYSTEM AS 
POTENTIAL THERAPEUTICAL TOOL 

Research on the endocannabinoid system re-
ceived in the last years an enormous interest 
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not only for its role in the control of physiologi-
cal functions, but for the promising therapeutic 
potentials of drugs that are able to modulate the 
activity of cannabinoid receptors, too. Whereas 
progress has been made, different aspects of the 
mechanism of action of the endocannabinoid 
system in certain functions are still unknown, in 
particular in areas outside the central nervous 
system. Cannabinoids have been used in the 
last centuries by folk medicine to treat several GI 
dysfunctions, in particular states of diarrhea and 
abdominal cramping (90). Extracts of marijuana 
were sold by different pharmaceutical companies 
until approximately the beginning of the last cen-
tury, until its use was banned in the USA in 1937.

Pathologies related to inflammatory states
Colon pathologies span a wide range of different 
conditions, including frankly inflammatory bowel 
diseases (IBD: ulcerative colitis and Crohn’s dis-
ease) and so-called “functional” bowel diseases 
[eg irritable bowel syndrome (IBS)] and represent 
an important and widespread health problem in 
modern society (91, 92). 
In the last years, several experimental animal 
models of colonic inflammation have been suc-
cessfully used to dissect the different compo-
nents of the pathophysiological processes char-
acterizing these disorders.
Numerous data suggest the involvement of the 
endocannabinoid system in the control of intes-
tinal function for small and large intestine during 
inflammatory events. In croton oil-induced in-
flammation of mouse small intestine and in dini-
trobenzene sulfonic acid (DNBS)-induced colitis, 
an increase of CB1 receptor activity was observed 
(50, 82). During inflammation, the treatment with 
CB1 agonist produced a significant delay of mo-
tility, consistent with the increased CB1 receptor 
expression. Using two different models of colonic 
inflammation, the oral administration of dextrane 
sulfate sodium (DSS) and the intrarectal infusion 
of DNBS, our group recently demonstrated that 
CB1-deficient mice show higher levels of in-
flammation compared to wild-type littermates. 
Confirming this observation, blockade of CB1 
signaling with the potent antagonist SR141716A 
(rimonabant) led to similarly elevated levels of 
inflammation. On the other hand, treatment with 
the CB1 agonist HU210 produced a significant 
reduction in the inflammation scores (82). 
Recently, D’Argenio et al. (93) showed increased 
levels of anandamide, but not 2-AG, in the bi-
opsies of patients with ulcerative colitis and in 
DNBS-treated mice, while VDM-11, an inhibitor 

of anandamide reuptake, significantly elevated 
anandamide levels in the colon of DNBS-treated 
mice and concomitantly abolished inflammation. 
Still unclear is the finding that, in the model of 
croton-oil induced inflammation, the levels of 
the endocannabinoid palmitoyethanolamide are 
decreased, and it remains speculative whether or 
not this reduction underlies the increased intes-
tinal motility during inflammation (94). Moreover, 
genetic deletion of FAAH, the major enzyme 
involved in the degradation of several bioactive 
fatty amides, in particular of anandamide, has 
been shown to decrease the levels of inflamma-
tion (82), confirming that the stimulation of the 
endocannabinoid system might be a possible 
therapeutic tool against pathologies character-
ized by inflammatory states. Recently, Wright e 
at al. (47) described an interesting new role of 
the endocannabinoid system related to inflam-
matory GI diseases. The authors demonstrated 
that cannabinoids promote epithelial wound 
healing either alone or in combination with 
lysophosphatidic acid through a CB1-lysophos-
phatidic acid 1 heteromeric receptor complex. 
They conclude that CB1 receptors are expressed 
in normal human colon and thus colonic epithe-
lium is responsive biochemically and functionally 
to cannabinoids. Interestingly, CB2 expression 
was increased in the diseased colonic tissue that 
implies an immunomodulatory role of CB2.

 Irritable bowel syndrome 
As low-grade inflammation may act as a trigger 
for the occurrence of IBS, the modulation of the 
endocannabinoid system may represent a pos-
sible target for future therapies in this disorder 
as well. IBS symptoms might be counteracted by 
cannabinoids, reducing the motility-related symp-
toms and reducing muscle spasms underlying the 
symptom of abdominal pain (95). Although anec-
dotal reports suggest that cannabinoid receptor 
stimulation (cannabis consumption) might allevi-
ate IBS symptoms in humans as well, no clinical 
trials have yet confirmed this hypothesis.

Diarrhea 
In the past centuries marijuana has been used, 
among many other things, for the treatment of di-
arrhea and abdominal cramping. Recently, Tyler 
et al. (96) demonstrated that cannabinoids, act-
ing via a neuronal mechanism of action, decrease 
small intestinal secretion and that this effect is 
counteracted by the cannabinoid antagonist 
SR141716A (rimonabant). Cannabinoids are able 
to modulate both cholinergic as well as non-



52

F. Massa, and K. Monory Endocannabinoids and the gastrointestinal tract

53

cholinergic transmission, while an epithelial site 
of action was not reported (96, 97). Moreover, the 
stimulation of the endocannabinoid system pro-
duces an anti-secretory effect in the guinea pig 
ileum, inhibiting the release of transmitters that 
act on cholinergic secretomotor pathways (98). 
Recently, in an elegant study, Izzo et al. (99) dem-
onstrated that anandamide is able to inhibit fluid 
secretion in an experimental model of secretory 
diarrhea in mice. Fluid accumulation in response 
to cholera toxin was reduced by the application 
of CB1 agonist and by increasing anandamide 
levels or by application of the anandamide re-
uptake inhibitor VDM11. Furthermore, pro-in-
flammatory kinins stimulate neurogenic anion se-
cretion in porcine ileum by activating opioid and 
cannabinoid receptors in enteric neural circuits 
(100). Unfortunately until now, no clinical studies 
have been performed, although cannabinoids 
might have therapeutic potential for diarrhea 
unresponsive to available therapies.

Emesis and nausea 
Several clinical investigations have shown the 
antinausea and antiemetic properties of can-
nabinoids, in particular in cancer patients re-
ceiving chemotherapy or radiation therapy, or 
in patients undergoing HIV therapy (101, 102). 
The cannabinoids tested in these trials have been 
demonstrated to be useful as mood enhancing 
adjuvants to reduce chemotherapy related sick-
ness, although potentially serious adverse effects 
have to be taken into consideration, due to the 
psychotropic properties of these compounds. In 
ferrets, the activation of CB1 receptors by the ag-
onists WIN55,212-2 and methanandamide inhibit 
emesis and this effect is reversed by CB1 antago-
nist, which alone has no effect, but potentiates 
vomiting in response to an emetic stimulus. Both 
a central as well as a peripheral mechanism of 
action seems to be present. Central sites involve 
the area postrema and the dorsal vagal complex, 
whereas for the peripheral effects, vagal effer-
ents are involved (103-105). Interestingly, can-
nabinoids cause a delay of gastric emptying (69), 
which per se would cause nausea, suggesting 
that the central effects might be more important 
in reducing nausea and emesis than peripheral 
effects. 

Acid related disorders 
The endocannabinoid system is involved in the 
regulation of gastric acid production via CB1 re-
ceptors located on vagal efferent pathways (65). 
CB1 receptor activation is able to reduce local 

histamine release from enterochromaffin cells 
(67), causing a reduction of acid production and 
a CB1 receptor-mediated anti-ulcer effect in a rat 
ulcer model (106). Gastric acid is also involved in 
gastro-esophageal reflux disease (GERD). Vagally 
mediated transient lower esophageal sphincter 
relaxations (TLESR) are believed to be one of 
the major causes underlying GERD (107). Can-
nabinoid agonists (Δ9-THC; WIN 55,212-2) have 
been demonstrated to be able to reduce TLESR 
in ferrets and dogs, both in total occurrence 
and in amplitude, by CB1 receptor-dependent 
mechanisms. 

Motility related disorders
At the moment, no clinical trials are available 
exploring possible cannabinoid-related thera-
pies of motility related disorders. There is ample 
evidence that CB1 receptor antagonists cause 
increase in GI motility (66). Thus, CB1 agonists 
or increased endocannabinoid tone, by using 
degradation and/or reuptake inhibitors, might 
represent a possible tool in the treatment of mo-
tility disorders characterized by hypercontractile 
states. At the same time, CB1 receptor antago-
nists might be helpful pharmacological tools in 
the treatment of motility disorders where the 
symptom is hypomotility. 

Cancer
To date, cannabinoids are used in the supportive 
treatment in cancer therapy, to alleviate cancer- 
or cancer-treatment-related symptoms such as 
nausea, vomiting, cachexia or loss of appetite 
(108). Evidence suggests that the endocan-
nabinoid system might be involved in the de-
velopment of metastasis, cancer differentiation, 
growth and cell migration (109). At the same 
time, cannabinoid receptor agonists potently 
inhibit cell proliferation of colorectal carcinoma 
cell lines, and this effect is antagonized by CB1 
receptor antagonist (109). As the endocannabi-
noid system seems to be involved in several pat-
ophysiological processes associated with cancer, 
careful consideration is warranted when consid-
ering treating cancer patients with cannabinoid 
related drugs. Importantly, cannabinoids are 
involved in cell fate decision, proliferation and 
apoptosis (110, 111). Although studies on cell 
lines used as models for certain tumors yield con-
flicting results (112, 113), a growing number of in 
vivo studies show that cannabinoids exhibit anti-
tumor effects (114, 115). On the other hand, as 
cannabinoids are modulating immune responses 
as well through CB2 receptors, cannabinoid treat-
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ment might compromise anti-tumor immune re-
sponses (116). 

CONCLUSIONS

The endocannabinoid system is present in 
many tissues in the mammalian organism and 
is participating in the regulation of a number of 
important physiological functions. As such, it is 
also an interesting target of drug development 
for an increasing number of diseases. Although 
the majority of research dealing with endocan-
nabinoids explores the central nervous system, 
a growing bulk of data is available about the 
anatomy and function of this important system in 
the periphery. 
A number of important physiological functions of 
the GI tract are regulated by endocannabinoids. 
Apart from regulation of food intake, a focus of 
intense scientific and public attention recently, 
frankly visceral functions like gastric acid secre-
tion, gastric emptying and intestinal motility are 
also modulated by endocannabinoids. As these 
functions are dysregulated in several important 
human disorders, understanding the true molec-
ular mechanism underlying these effects is vital. 
In the GI tract, the localisation of cannabinoid re-
ceptors is relatively well described. However, not 
much is known about the localization and regula-
tion of the endocannabinoid synthesizing, trans-
porting and degrading machinery. Understanding 
the localization, function and regulation of these 
enzymes might represent the next important mile-
stone in the study of the endocannabinoid system 
in relation to GI tract physiology. If achieved, it 
could bring the development of new therapies for 
presently inadequately treated diseases closer. 
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ABSTRACT. Although adjustments to nutritional 
lifestyle and increased physical activity remain the 
milestones of weight loss therapy, it is evident 
from the exponential increase of the number of 
obese subjects in Western countries that these 
two approaches alone are no longer able to limit 
this progression. This alarming phenomenon oc-
curs in spite of a great effort exerted in the last 
10 yr to shed light on the pathogenetic mecha-
nisms inducing obesity, although many inconclu-
sive hopes have been generated in the field of 
pharmacotherapeutics to tackle obesity. Among 

the several targets exploited in recent years, the 
endocannabinoid system nowadays constitutes 
the most promising and the most intriguing pro-
posed so far. On one hand, our aim is to provide 
an overview on the role of the endocannabinoid 
system in the physiology of energy metabolism, 
on the other hand a further aim is to summarize 
how the system also controls food intake and 
energy balance by acting at both cerebral and 
peripheral level. 
[J. Endocrinol. Invest. 29 (Suppl. to no. 3): 58-68, 2006]
©2006, Editrice Kurtis

AN EVERGREEN STORY 

Historically, Cannabis sativa use was also proposed 
for patients in whom it was necessary to promote 
feeding and to reduce vomiting (1). The orexigenic 
properties of Cannabis were also anecdotally noted 
for the ‘munchies’ caused after marijuana smoking 
(2). Following the discovery of Δ9-tetrahydrocan-
nabinol (THC) (3), as the main component of mari-
juana, it became clear that this compound was re-
sponsible for the food intake promotion induced by 
marijuana and a large series of studies was initiated 
to substantiate the initial intuition that Cannabis 
had orexigenic properties (2). However, a review 
by Abel (4) in 1975 of the large series of experi-
ments conducted in the early ’60s and ’70s clearly 
highlighted the contradictory data derived from 
the large number of these experiments, indicating 
the variability of the dosages, of the routes of ad-
ministration and of the purity of the extracts as the 
main reasons for the discrepancies. Great caution 
should therefore be taken in interpreting the results 

obtained from most of the experiments performed 
with cannabinoids derived from plants.  
Nonetheless, THC, also known as dronabinol, was 
largely and rather successfully used in human syn-
dromes characterized by wasting diseases, such as 
cancer or AIDS-associated anorexia or forms of de-
mentia including Alzheimer’s diseases (2). A limitation 
of the whole body of these studies is represented by 
the design of these trials. These studies focused too 
often on the orexigenic property of THC, limiting the 
observation to the changes in caloric intake and to 
body weight, whereas careful investigations into body 
fat distribution were never performed. With the present 
knowledge of the relevant role of the endocannabinoid 
system at peripheral level, we cannot rule out that THC 
administration may play a role in the distribution of fat 
depots. In this context, it is still unknown and it would 
be of enormous clinical impact to investigate whether 
the administration of THC can improve the pathologi-
cal changes in fat distribution induced by concomitant 
retroviral therapy in patients with AIDS. 
Only with the cloning of the two receptors for can-
nabinoids, named cannabinoid receptor type 1 
(CB1 receptor) (5) and type 2 (CB2 receptor) (6), and 
only after the discovery of the two more important 
endocannabinoids, anandamide (AEA) (7) and 2-
arachidonoyl glicerol (2-AG) (8, 9), did the “smoke 
begin to clear” (10) and the mechanisms of action 
of endocannabinoids on the regulation of energy 
metabolism start to be elucidated.
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REGULATION OF REWARDING PROPERTIES
OF FOOD BY ENDOCANNABINOIDS

After the finding of the hyperphagic effect of THC 
(11), Williams and Kirkham were (12) the first to 
report that endocannabinoids, similarly to the THC-
induced hyperphagia, were also able to provide an 
orexigenic stimulus in a dose-dependent manner. 
In comparison to the degree of overeating induced 
by THC, AEA displayed a reduced potency, but its 
effect was longer lasting, indicating that administra-
tion of AEA may represent an amplification of en-
docannabinoid activity associated with the normal, 
episodic pattern of meal-taking in rats (12). Similar 
conclusions were derived for 2-AG (13). As a gen-
eral hypothesis, endocannabinoids may gradually 
increase during intermeal intervals, reaching a criti-
cal level in order to trigger the motivation to eat. In 
favor of this possibility, one should bear in mind that 
AEA and 2-AG levels have been found to increase 
in the nucleus accumbens during fasting and to 
decrease in concomitance with the access to food 
(13). If the theory concerning the endocannabinoid 
system as a general stress recovery system holds 
true, the elevation of endocannabinoids after fast-
ing to promote food intake fits in with this scenario. 
In fact, the fasting condition remains one of the most 
challenging stresses for vertebrates. In this sense, 
the longer the time since the last meal, the greater 
the activity in relevant endocannabinoid circuits, and 
consequently the higher the motivation to eat driven 
by endocannabinoids (14).
After the synthesis of specific antagonists of CB re-
ceptors, the orexigenic properties of endocannabi-
noids were definitively attributed to an activation of 
CB1 receptor (15-18). 
A careful examination of the design of the pioneer 
studies in which CB1 receptor antagonists were used 
to study the mechanism of action underlying the 
orexigenic properties of endocannabinoids gives 
the impression that, at that time, the leading hypoth-
esis was in favor of a role of endocannabinoids as 
modulators of the appetitive value of ingested sub-
stances. SR141716, also called rimonabant, the first 
CB1 receptor antagonist synthesized (19), was tested 
in a large series of species in a typical experimental 
model to monitor its ability to reduce the craving for 
palatable food or alcohol (15-18). This idea derived 
bearing in mind the anatomical distribution of CB1 
receptor that was highly expressed in the mesolimic 
area and was consistent with the hypothesis in favor 
of a facilitatory function of the endocannabinoid 
system on brain reward circuits (15-18). Whether 
the endocannabinoids may increase the incentive 
value of the food regardless of the quality of the 
macronutrients (“incentive hypothesis”) (20), or, as 

also derived from experiments in humans with phy-
tocannabinoids (4), endocannabinoids may drive 
the search for highly palatable food (“orosensory 
reward hypothesis”) (21) is still a matter of debate. 
To solve this issue, it is mandatory to wait for data on 
the quality of ingested food from ongoing human 
clinical trials in which obese patients are monitored 
in the long-term treatment with rimonabant. As 
mentioned before, in favor of the orosensory reward 
hypothesis, there is evidence of the high expression 
of CB1 receptor in areas involved in reward and the 
notion that CB1 receptor antagonists have also been 
proposed to decrease the rewarding properties 
of addictive drugs (22, 23). The endocannabinoid 
system is one of the key players in the modulation 
of “reward/reinforcement” circuitry, which is repre-
sented by an interconnection of brain nuclei associ-
ated with the medial forebrain bundle, linking the 
ventral tegmental area, the nucleus accumbens and 
the ventral pallidum (24). The most relevant pathway 
of this circuitry is represented by the mesolimbic 
dopaminergic system (24), and a relevant crosstalk 
between limbic endocannabinoid and dopaminer-
gic systems to stimulate a craving for tasty food is 
known to occur as documented by the ability of a 
dopamine D1 antagonist to reduce the orexigenic 
stimulus induced by THC (25). Endocannabinoids 
are not only described to interact with dopaminer-
gic neuronal fibers to modulate food intake but also 
with the opioidergic pathway that is another relevant 
promoter of feeding (26). Endocannabinoids act in a 
synergistic manner with opioids to stimulate feeding 
behavior (27); this interaction seems to occur not on-
ly at the mesolimbic system level, but probably, and 
even more importantly, at the level of the paraven-
tricular nucleus (PVN) of the hypothalamus (26). 
The crosstalk between endocannabinoids and the 
serotoninergic pathway in the modulation of feed-
ing behavior has been less investigated compared 
to the opioidergic one. Nonetheless, the few notions 
we have seem to indicate that the two pathways 
stimulate food intake via independent mechanisms 
of action (28). 

ENDOCANNABINOIDS AND THE NEURAL 
HYPOTHALAMIC NETWORK CONTROLLING 
FOOD INTAKE 

At the hypothalamic level, specific neuronal popula-
tions exert a strategic control on food intake (29). 
This hypothalamic network provides high levels of 
adaptability of feeding behavior to a multiplicity of 
central and peripheral signals (29). Signals coming 
from various peripheral organs, such as the liver, 
gastrointestinal tract and adipose tissue, are con-
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veyed to the hypothalamic level to constantly inform 
the brain about the state of nutrition via neural and 
humoral routes (29, 30). On the other hand, the hy-
pothalamus appears to be sensitive to a wide range 
of metabolic perturbations associated with fuel avail-
ability. In turn, this information is used to adjust both 
caloric intake and the depositing of energy in the 
periphery (30).
Endocannabinoids are variably produced in the 
hypothalamus of rodents administered a standard 
diet. 2-AG levels have been shown to increase dur-
ing acute fasting, decline as the animals are re-fed 
and return to normal values in satiated animals (13, 
31). Therefore, also at hypothalamic levels endocan-
nabinoids seem to display the ability to quickly re-
spond to a stressful situation like fasting. The original 
mapping of the CB1 receptor did not indicate the 
hypothalamus as an area of high levels of CB1 recep-
tor expression (32). However, subsequent studies 
on functional binding highlighted the importance 
of this area. The coupling to G proteins of the hy-
pothalamic CB1 receptor demonstrated high levels 
of efficiency, making it possible to hypothesize that 
in the hypothalamic area the role of CB1 receptor 
is not associated with its level of expression (33). 
However, the direct involvement of the hypothala-
mus in the modulation of food intake operated by 
endocannabinoids has been proved in rodents by 
the significant hyperphagic effects of AEA directly 
administered into the ventromedial nucleus and by 
the inhibition of this effect obtained by the injection 
of rimonabant via the same route (34).
The research into the role of the hypothalamus ex-
ploded in the early ’90s after the identification of the 
ability of leptin, an adipocyte-derived hormone, to 
modulate a series of hypothalamic functions includ-
ing feeding control (29). 

Endocannabinoids and the lateral hypothalamus 
Taking into account the eminent role of leptin in the 
hypothalamic control of food intake, this hormone 
was logically the first to be investigated searching 
for a putative interaction of endocannabinoids in 
this area. The demonstration of increased patho-
logical intrahypothalamic endocannabinoid levels 
in animal models, characterized by an impairment 
of the leptinergic signal and featured by obesity and 
hyperphagia, was pivotal in this sense (35). Moreo-
ver, as a further demonstration of the interaction 
between leptin and endocannabinoids, a single iv 
injection of leptin in ob/ob mice reduced the patho-
logical overproduction of endocannabinoids (35). In 
these animals, rimonabant was able to reduce food 
intake, confirming the anorectic properties of the 
compound (35). These findings were highly relevant 

because they represented the first demonstration of 
the actual theory that identifies obesity as a condi-
tion chronically associated with a hypothalamic over-
activation of the endocannabinoid system. 
A site for an interaction between leptin and endo-
cannabinoids is the lateral hypothalamus (36, 37). 
We have demonstrated that the CB1 receptors 
expressed in this area are colocalized with melanin 
concentrating hormone (MCH) and prepro-orexin 
neurons (36). Importantly, these data were recently 
confirmed by the demonstration that CB1 receptor 
activation strongly augments the orexin-A-stimu-
lated intracellular pathway (38). Both populations 
of orexin and MCH neurons via projections to 
dopaminergic neurons in the ventral tegmental 
area have been implicated in the hedonic or moti-
vational aspects of food intake by modulating the 
dopaminergic pathway (39, 40). A recent paper 
shed light on the interaction between endocan-
nabinoids, MCH neurons and leptin signalling (37). 
In fact, MCH neurons (promoting an increase in food 
intake) are tonically inhibited by GABAergic inputs 
coming from the limbic system. On one hand, by 
decreasing GABA release endocannabinoids may 
enhance the excitability of MCH neurons leading 
to increased feeding behavior, while on the other, 
by inhibiting the voltage-gated calcium currents in 
the same neurons, the leptin signal may result in 
less synthesis and release of endocannabinoids that 
leads to a reduced excitability of MCH neurons and 
to a decrease in appetite as a final effect. Therefore, 
the lateral hypothalamus may represent the site of 
converging signals between hypothalamic and mes-
olimbic structures to mediate the orexigenic activity 
of endocannabinoids (37).

Endocannabinoids and paraventricular nucleus 
An interaction between endocannabinoids and CRH 
has been hypothesized by the coexpression of CRH 
and CB1 mRNA in the PVN and by CRH type 1 recep-
tor and CB1 receptor (36, 41). A recent finding began 
to shed light on this interaction; it has in fact been 
shown that post-synaptically released endocannabi-
noids acting at pre-synaptic CB1 receptors are able 
to decrease glutaminergic transmission onto CRH-
producing neurons, resulting in an inhibition of CRH 
release (42). This release of endocannabinoids from 
the parvocellular neurons is stimulated by a non-
genomic effect of glucocorticoids. Therefore, it is 
conceivable that the well-known regulation of food 
intake by glucocorticoids may partly derive from 
a functional crosstalk with the endocannabinoid 
system (43). Another putative crosstalk between 
neuropeptides and endocannabinoids located at 
the level of PVN is given by the recently described 
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interaction between ghrelin and endocannabinoids. 
In fact, hyperphagia associated with intracerebrov-
entricular administration of ghrelin is blocked by 
pre-treating the rats with rimonabant, suggesting 
that ghrelin may act via the release of endocannabi-
noids (44).

Endocannabinoids and nucleus arcuatus
The arcuate nucleus is the production site of neu-
ropeptide Y (NPY); however NPY-positive neurons 
send projections to other feeding centers, includ-
ing the PVN nucleus, the ventro- and dorsomedial 
hypothalamus and the lateral hypothalamus. The 
presence of CB1 receptors in the arcuate nucleus is 
very limited if not absent (36), and the NPY/agouti-
related protein system in the arcuate nucleus does 
not seem to be directly targeted by endocannabi-
noid action (35, 36). However, endocannabinoids 
were found to increase and CB1 receptor antagonists 
to decrease depolarization-induced NPY release in 
a hypothalamic explant release model (45). This evi-
dence does not mean that the effect of cannabinoids 
on NPY neurons is caused by a direct action, but it 
is more probable that cannabinoid agonists and 
antagonists are able to affect an intermediate factor 
which in turn alters NPY release.
Functional crosstalk between CB1 receptors and 
type 4 melanocortin receptors (MCR4) has been 
recently highlighted by the finding of the synergistic 
action of sub-anorectic doses of SR141716 and of a 
MCR4 agonist administered together (46). Further-
more, CB1 receptor antagonists are able to inhibit 
the stimulation of food intake induced by MCR4 an-
tagonists, whereas the orexigenic impulse given by 

the administration of CB1 receptor agonists is not 
blocked by the costimulation with MCR4 agonists. 
These findings seem to suggest that the melanocor-
tin receptor signaling in the hypothalamic regulation 
of food intake is upstream of the activation of the 
endocannabinoid system and that CB1 receptors 
display an obligatory role in α-MSH effects on food 
intake (46). 
The interaction between cocaine-amphetamine-
related transcript (CART) and endocannabinoids 
remains controversial. CB1

-/- mice at basal condi-
tion have been shown to possess reduced CART 
expression, suggesting that the block of the endo-
cannabinoid signaling impacts negatively on CART 
expression (36). Conversely, mice with increased 
levels of endocannabinoids like mice deficient in 
fatty acid amyde hydrolase (FAAH), the enzyme 
inactivating AEA, exhibit reduced CART immuno-
reactivity in several hypothalamic regions involved 
in food intake, and in the same animals rimonabant 
treatment is able to restore normal levels of CART 
expression, indicating that the inhibition of CART 
release by CB1 receptor activation may be involved 
in the orexigenic effect of AEA (47). In conclusion, 
there is solid evidence confirming the presence of an 
interaction between endocannabinoids and CART, 
but the precise physiological significance deserves 
further studies for complete elucidation.
A growing spectrum of data indicates that, like many 
peripheral cell types, some hypothalamic neurons 
integrate information on fuel sources other than 
glucose to impact food intake (30). An increasing 
body of evidence points to a critical role for both 
fatty acid production and utilization in regulating hy-

Fig. 1 - Peripheral effects of cannabinoid 
receptor type 1 (CB1 receptor) blockade 
at peripheral organs. FAAH: fatty acid 
amyde hydrolase; SREBP-1c: sterol regu-
latory element  binding protein-1c; FAS: 
fatty acid synthase; FFA: free fatty acids; 
GI: gastrointestinal.
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pothalamic neurons implicated in the control of food 
intake (30). In such a scenario, it has recently been 
proposed that endocannabinoids may modulate the 
fatty acid synthase (FAS) pathway in the hypothala-
mus via CB1 receptors, and that the increase in food 
intake following food deprivation may involve a CB1 
receptor modulation of the FAS pathway. CB1 recep-
tor antagonist treatment has been demonstrated to 
inhibit the increase in FAS hypothalamic expression, 
and this may explain the anorexigenic properties of 
cannabinoid antagonists (48).

THE ENDOCANNABINOID SYSTEM AND 
THE PERIPHERAL ORGANS INVOLVED IN THE 
CONTROL OF THE METABOLIC PROCESSES (FIG.1)

A recently expressed point of view, however, 
changed the scenario of the mode of action of 
endocannabinoids in the regulation of food intake. 
Results obtained by several independent labs in the 
last 3 yr have pointed to novel mechanisms of action 
not limited to a neuronal target (49). Nonetheless, a 
careful review of the literature demonstrated that this 
notion had already been hypothesized a long time 
ago. In a study performed thirty years ago in a group 
of marijuana smokers, Greenberg demonstrated 
that the increase in caloric intake after marijuana 
vanished after a few days, whereas weight gain con-
tinued throughout the remaining three weeks of the 
experiment (50). This preliminary observation was 
followed many years later by the finding in rodents 
of an early tolerance development to the anorectic 
effects of rimonabant in spite of a long-lasting effect 
of this drug on body weight loss (51). These obser-
vations were probably not substantiated by further 
experiments because at the time the emphasis on 
the mechanism of action of endocannabinoids was 
attributed to the neuronal sites. The advent of the 
CB1

-/- mice model represented a step forward to fur-
ther substantiate the hypothesis of an additional ef-
fect of endocannabinoids in peripheral organs. The 
animals lacking the CB1 receptor were shown to be 
hypophagic, leaner and lighter when compared to 
the wild type littermates (36). Importantly, pair-feed-
ing experiments showed that in adult CB1

-/- mice 
metabolic factors appear to be the major cause of 
the lean phenotype. These observations converge 
on the idea that additional peripheral food intake-
independent metabolic functions may participate, 
or even predominate, in the control of energy 
balance exerted by the endocannabinoid system 
(36). Intriguingly, these differences in body weight 
regulation were amplified when a high fat diet was 
administered to the same groups of animals, making 
it possible to conclude that the lack of CB1 receptor 

may confer resistance to diet-induced obesity (DIO) 
(52). Importantly, the obesity-prone diet induced a 
significant increase of fasting glycemia in the two 
genotypes, but the sensitivity to insulin remained 
unchanged in CB1

-/- mice, while it was significantly 
reduced in the wild type animals (52). Long-term 
(40 days) treatment with two different dosages of 
rimonabant produced a transient reduction in food 
intake in DIO mice followed by the development of 
tolerance to the anorectic effect of the drug. Howev-
er, the effect on body weight was sustained until the 
end of the 5-week experiment as compared to DIO 
mice treated with the vehicle (53). Importantly, an-
other CB1 receptor antagonist, AM-251, produced 
similar effects in DIO mice (54), clearly confirming 
that factors other than calorie intake must be in-
volved in the weight reducing effect of CB1 receptor 
pharmacological blockade. Similar data showing a 
rapid tolerance to the anorectic action, despite a 
sustained and prolonged effect on body fat loss were 
also obtained when obese Zucker rats were treated 
for 14 days with rimonabant (55). In a recent experi-
ment, weight and metabolic marker changes were 
monitored in three groups of mice in which obesity 
was induced by 5 months of high fat diet (56). A first 
group received a dietary switch to standard food 
after the high fat diet, whereas two other groups of 
animals were maintained on a hypercaloric diet, but 
one was treated for 10-weeks with 10 mg/kg rimona-
bant and the other one with a vehicle. The treatment 
with the CB1 receptor antagonist not only induced a 
weight loss of approximately 78% in comparison to 
the weight of the animals receiving the vehicle, but, 
even more importantly, the anti-obesity effect of the 
drug was equivalent (both in terms of time course 
and maximum effect) to that achieved by switching 
obese mice to a normal diet (56). Consistent with a 
previous report (53), the rimonabant-induced weight 
loss was accompanied by normalization of lipid pro-
file, leptin, insulin and glucose levels (56).
Recent studies performed by several independent 
labs shed light on the peripheral model of action of 
the endocannabinoid system. Indeed, after the first 
demonstration of the presence and the functional 
role of the CB1 receptor on the adipocytes, it is now 
becoming clear that endocannabinoids are able to 
interact with all the organs involved in the control of 
metabolic functions.

Adipocytes
Our in vitro studies showed that CB1 receptors are 
functionally active in white adipocytes stimulating 
lipogenesis. In fact, their activation enhances lipo-
protein lipase activity and this effect can be specifi-
cally blocked by rimonabant (36). At the same time, 
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another group showed that CB1 receptors are pre-
dominantly expressed in murine mature adipocytes 
rather than in preadipocytes (55), indicating that the 
putative role of the CB1 receptor is not related to the 
differentiating processes of the fat cells but likely as-
sociated with some metabolic function. Similar data 
were subsequently confirmed in human adipocytes 
(57). More importantly, rimonabant has been shown 
to induce adiponectin release from adipocytes in 
vitro (55). Adiponectin is a circulating adipokine 
secreted by adipose tissue, playing a key regulatory 
role in fat and glucose metabolism (58). This protein 
exhibits anti-atherogenic and anti-diabetic proper-
ties. Obesity and Type 2 diabetes are characterized 
by reduced concentrations of adiponectin in the tis-
sues and the blood (58). 
A novel putative mode of action of endocan-
nabinoids at the level of adipocytes may also be 
caused by an inhibition of AMP-activated protein 
kinase (AMPK) (59), leading to increased lipo-
genesis and a decrease in fatty acid β-oxidation. 
These actions may occur through a disinhibition 
of acetyl CoA carboxylase-1 (ACC1), the rate lim-
iting step in fatty acid synthesis. A recent study 
confirmed this hypothesis, in fact CB1 receptor 
antagonist treatment in obese mice induced a 
series of events at the level of adipose tissue, such 
as: (a) enhanced lipolysis through the induction 
of enzymes of the β-oxidation and tricarboxylic 
acid cycle, (b) an increase in energy expenditure 
through futile cycle stimulation and (c) an improve-
ment in the regulation of glucose homeostasis as 
demonstrated by the stimulation of glucose-trans-
porter 4, a key-player of the glucose metabolism 
(60). This latter finding seems to have an important 
clinical implication because it makes it possible to 
hypothesize that cannabinoid antagonists may 
also be attractive drugs in fighting diabetes. 

Gastrointestinal tract
The CB1 receptor and endocannabinoids are 
also highly expressed in the gastrointestinal tract 
neurons. In the small intestine, starvation induces 
a 7-fold increase in AEA release but, intriguingly, 
this effect is reversed on re-feeding (61). Chole-
cystokinin (CCK) is known to display an important 
satiety role and the CCK type 1 receptor is ex-
pressed in the same vagal afferent neurons which 
also express the CB1 receptor (62). These neurons 
project to the stomach and duodenum. In addi-
tion, the CB1 receptor expression in the ganglia 
is increased by food deprivation and decreased 
after re-feeding; this effect has been shown to be 
blocked by CCK antagonists and mimicked by 
administration of CCK itself. Therefore, the endo-

cannabinoid system could also affect food intake 
acting through CCK signaling (62). 

Skeletal muscles
The CB1 receptor is present in skeletal muscles and 
seems to be overexpressed in the soleus muscle of 
obese mice as compared to lean controls (49). Liu et 
al. (63) found that rimonabant treatment in ob/ob 
mice generated a considerable glucose uptake in 
soleus muscle in comparison with placebo treated 
animals. This increase may significantly contribute to 
the improvement in the hyperglycemia observed in 
diet-induced obese mice treated with CB1 antago-
nists in other experimental settings (56). It has also 
been shown that 7 days of rimonabant treatment 
can activate thermogenesis as demonstrated by 
a 37% increase in basal oxygen consumption (63). 
To explain this finding, the authors speculated that 
rimonabant may act by stimulating efferent sym-
pathetic activity as shown by another group (64); 
however, the authors also hypothesized that the 
enhanced thermogenesis may also be due to an 
intensification of free fatty acid oxidation promoted 
by the adiponectin rise, directly stimulated by ri-
monabant. 

Liver
The CB1 receptor is also expressed in hepatocytes, 
as recently demonstrated in an elegant study by 
Osey-Hyiaman et al. (48). At hepatic level, activa-
tion of the CB1 receptor increases the gene expres-
sion of the lipogenic transcription factor sterol 
regulatory element binding protein-1 c (SREBP-1c) 
and of its targets, FAS and ACC-1, leading to a 
stimulation of de novo lipogenesis. The stimula-
tion in cannabinoid-induced hepatic lipogenesis 
is CB1 receptor dependent, as demonstrated by 
the ability of rimonabant to reduce the fatty acid 
synthesis rate (48). Moreover, a prolonged high-fat 
diet in mice increases hepatic levels of AEA and 
induces an upregulation of CB1 receptor expres-
sion that may in turn promote the development of 
steatosis (48). Importantly, CB1

-/- mice are resistant 
to developing hepatic steatosis. Interestingly, in the 
hypothalamus, where FAS inhibitors elicit anorexia, 
SREBP-1c and FAS expression are stimulated by 
CB1 receptor agonists and inhibited by rimona-
bant (48). Interestingly, the hypothalamic lipogenic 
pathway may also be directly activated through a 
decrease in AMPK activity as documented also at 
the level of the liver. 
We therefore hypothesize that the modulation of 
the AMPK/ACC1/FAS pathway may be an addition-
al novel target of CB1 receptor antagonists at both 
neural and peripheral level. 
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Endocrine pancreas
Using quantitative real-time PCR and immunocyto-
chemical tools, Juan-Picò et al. (65) recently demon-
strated the existence of both CB1  and CB2 receptors 
in the endocrine pancreas. The CB1 receptor was 
mainly visualized in glucagon-containing α-cells, 
while the CB2 receptor was found in both α- and β-
cells. They found, however, that endocannabinoids 
are able to decrease insulin secretion regulating 
Ca2+ signaling (65). Intriguingly, the stimulation of 
CB1 receptor by AEA induces glucose intolerance 
in rats, and this effect is blocked by AM251, a CB1 
receptor antagonist (66). The mechanism underlying 
the glucose intolerance induced by CB1 receptor ag-
onists is probably a reduction of glucose-dependent 
insulin secretion (66).
In conclusion, the endocannabinoid system may 
target a large variety of peripheral organs while 
modulating metabolic processes; the detailed char-
acterization of each individual contribution and the 
reciprocal interactions among the organs are thus 
mandatory in future studies approaching this issue.

OBESITY IS ASSOCIATED WITH AN 
OVERACTIVATION OF THE ENDOCANNABINOID 
SYSTEM (FIG. 2)

A recent series of reports seems to identify a close 
association between the formation of a state of 
obesity with a simultaneous overactivation of the 
endocannabinoid system expressed as an over-
production of endocannabinoids or an overexpres-
sion of CB1 receptors (49, 67). In fact, there is now 

evidence that the CB1 receptor is over expressed in 
tissues derived from obese animals when compared 
to lean controls such as the liver (48) and the adipose 
tissue (55). Nothing is at present known in humans, 
with the exception of the human white adipose tis-
sue in which, at variance to mice, this finding has not 
been confirmed (57). In fact, in sc adipose tissue 
derived from obese post-menopausal women when 
compared to a lean control population, CB1 receptor 
expression was not increased (57). An increased pro-
duction of endocannabinoids has been proposed in 
hepatocytes (48), adipocytes and pancreatic cells 
derived from fat mice in comparison to lean controls 
(Di Marzo V. et al., unpublished data). Intriguingly, 
increased levels of plasma endocannabinoids have 
been found in obese post-menopausal women when 
compared to lean controls (57).  
The possible explanation of the mechanisms lead-
ing to a hyperactivation of the endocannabinoid 
tone in obesity is not completely understood and 
further studies are needed to confirm this hypoth-
esis. A recent study has begun to shed light on this 
issue, demonstrating a missense polymorphism in 
a population of obese subjects that predicts a sub-
stitution of threonine for a highly conserved proline 
residue (P129T) in the sequence of the FAAH, the 
enzyme that quickly degrades anandamide after 
its action. Patients with this polymorphism have 
approximately half the enzymatic activity and this 
physiologic reduction of function may influence 
the clearance of endocannabinoids, leading to a 
sustained and possibly pathological tone as found 
in animal models (68). 

Fig. 2 - Summary of the evidence of an over-
activation of endocannabinoid systems in 
various central and peripheral organs.
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WEIGHT-LOSS-INDEPENDENT MECHANISMS 
OF ACTION OF CB1 RECEPTOR ANTAGONISTS

It is already accepted that the treatment with CB1 
antagonist may increase adiponectin as shown 
not only in vitro (55), but also in animals (60) and 
in humans (69). This protein, exclusively produced 
by adipocytes, through the activation of the AMPK 
reduces serum hepatic gluconeogenesis and stimu-
lates fatty acid oxidation in skeletal muscles (70). 
Adiponectin also stimulates skeletal muscle glucose 
uptake by increasing insulin receptor tyrosine kinase 
activity, p38 mitogen-activated protein kinase and 
the tyrosine phosphorylation of insulin receptor sub-
strate-1 (58, 71). Therefore, since insulin resistance 
in skeletal muscle and in the hepatocytes promotes 
excess triglycerides, the improvement on the insulin 
action induced by adiponectin may promote the 
clearance of intracellular lipid stores in these tis-
sues. Adiponectin also contributes to reducing the 
circulating levels of free fatty acids by stimulating 
mitochondrial fatty acid oxidation (58, 71). The as-
sociation of high free fatty acid concentrations and 
insulin resistance, frequently found in abdominal 
obese patients, is known to be detrimental for the 
inhibiting action toward the enzyme lipoprotein 
lipase, the enzyme responsible for hydrolyzing the 
triglycerides in VLDL and chylomicrons. Therefore, 
this reduced activity of lipoprotein lipase activity 
may, in turn, lead to an accumulation of triglycerides 
and of lipoprotein remnant particles which are highly 
atherogenic. These circumstances are also often as-
sociated with a reduction in HDL cholesterol levels. 
Finally, adiponectin may also display a positive role 
in metabolic functions by increasing peroxisome 
proliferator-activated receptor-α ligand activities in 
skeletal muscle and liver, leading to an increased 
synthesis of HDL cholesterol through an activation 
of the hepatic expression of apoproteins A-I and
A-II (58, 71). These physiological actions attributed 
to adiponectin are mirrored by the studies in humans 
in which adiponectin levels have been recognized 
as an important predictor of glucose tolerance and 
plasma HDL cholesterol levels (72-74). It is there-
fore conceivable that the weight-loss-independent 
beneficial effect of CB1 receptor antagonists may 
be primarily explained by the direct stimulation of 
adiponectin from adipose depots. However, recent 
data point to a direct role of endocannabinoids at 
the levels of endocrine pancreas, and we cannot 
exclude that part of the positive changes induced 
by CB1 receptor antagonists may also derive from a 
direct targeting of α- and β-cells of pancreas (65, 66). 
Moreover, an important contribution in increasing 
energy expenditure may derive from a direct stimu-
lation of the drug to some crucial enzymes involved 

in β-oxidation or in glucose uptake, as demonstrated 
by micro-array analysis in a recent manuscript by 
Jbilo et al. (60).
Importantly, the findings of the metabolic weight-
loss-independent effect of CB1 receptor antagonists 
described in animal models have been recently 
confirmed in the RIO-Program, a large phase III 
trial in which rimonabant was explored as an anti-
obesity drug in a number of obese patients with 
or without comorbidities (69, 75, 76). By means of 
logistic regression models and/or analysis of covari-
ance (ANCOVA) using weight loss as a covariate in 
the RIO-Europe study it was found that nearly half 
the changes in HDL-cholesterol and triglycerides 
were independent of weight loss, as reflected by the 
last weight measurement (75). Similarly, 57% of the 
increase in adiponectin levels observed in the RIO-
Lipids group receiving 20 mg of rimonabant could 
not be attributable to weight loss (69). These effects, 
partially independent of weight loss, are very impor-
tant, because they confirm the original hypothesis 
that CB1 receptor antagonist drugs should not only 
be looked on as an anorectic drugs but also as rele-
vant modulators of peripheral metabolic functions.
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ABSTRACT. In the past two decades, cannabi-
noids have emerged as crucial mediators in a 
variety of pathophysiological conditions. Aware-
ness of their critical functions in liver pathophysi-
ology is only recent, probably given the low level 
of expression of cannabinoid receptor type 1 
(CB1) and type 2 (CB2) receptors in normal liver. 
However, it has been shown that non-alcoholic 
fatty liver disease and cirrhosis are associated 
to a marked upregulation of the hepatic en-
docannabinoid system, including increases in 
endocannabinoids and in hepatic CB receptors, 
both in humans and in rodents. Consequently, a 
growing number of cannabinoid-related hepatic 

effects are being unravelled. Hence, hepatic 
CB1 receptors enhance liver steatogenesis in a 
mouse model of high fat-induced obesity, and 
contribute to peripheral arterial vasodilation in 
cirrhosis, thereby promoting portal hyperten-
sion. In addition, CB1 and CB2 receptors elicit 
dual opposite effects on fibrogenesis associated 
to chronic liver injury, by promoting pro- and an-
tifibrogenic effects, respectively. Therefore, en-
docannabinoid-based therapies may open novel 
therapeutic avenues in the treatment of chronic 
liver diseases.
[J. Endocrinol. Invest. 29 (Suppl. to no. 3): 67-76, 2006]
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THE ENDOCANNABINOID SYSTEM

The endocannabinoid system is highly conserved 
and it has been identified in invertebrates (1, 2). De-
spite wide recreational and medicinal use of Can-
nabis (Cannabis Sativa, marijuana) for millennia, this 
system remained unknown until the early eighties. 
Insight into its mechanism of action and its pleio-
trophic properties was initially gained following the 
identification of Δ9-tetrahydrocannabinol (THC), 
the main psychotropic constituent of Cannabis 
Sativa (3), and of over 60 bioactive cannabinoids. 
These findings paved the way to the discovery of 
an endocannabinoid system, comprising specific 
receptors [cannabinoid receptor type 1 (CB1) and 
type 2 (CB2)], endogenous ligands (endocannabi-
noids), and a machinery dedicated to endocannabi-
noid synthesis and degradation.
Identification in the late 1980’s of specific bind-
ing sites for THC in brain was followed by cloning 

of the brain type cannabinoid receptor renamed 
CB1 (4, 5). Subsequently, a CB2 receptor, with 
44% homology to the CB1 receptor, was cloned 
from macrophages (6). Both CB1 and CB2 belong 
to the seven transmembrane G protein-coupled 
receptor family. CB1 is the most abundant G 
protein-coupled receptor in the central nervous 
system, whereas CB2 is primarily expressed in 
cells of the immune system; both receptors are 
present at low levels in a variety of peripheral 
tissues. Intracellular signaling pathways include 
Gi/odependent inhibition of adenylyl cyclase, 
stimulation of MAP kinases and PI3 kinase path-
ways, and CB1-dependent modulation of calcium 
and potassium channels. Additional G protein-
independent pathways have been identified, in-
cluding ceramide production or cyclooxygenase-
2 (COX-2) induction (7). Clarification of specific 
functions associated to cannabinoid receptors 
gained from the development of subtype-selec-
tive receptor agonists and antagonists (8-12), and 
of mice invalidated either or both CB1 and CB2 
(13-15). These tools also allowed the identifica-
tion of additional receptors with cannabimimetic 
properties unrelated to CB1 or CB2, as well as re-
ceptor-independent properties of cannabinoids 
linked to their high lipophilicity.

Key-words: Cannabinoid receptors, liver fibrosis, cirrhosis, steatosis, portal 
hypertension.
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Identification of specific receptors for plant-derived 
cannabinoids was followed by the characterization 
of endocannabinoids, a growing family of endog-
enous arachidonic acid-derived ligands (16, 17). 
Anandamide (arachidonoyl ethanolamide) and 2-
arachidonoyl glycerol (2-AG) were the first isolated 
and are the best characterized.
Anandamide displays a higher affinity for CB1 
than CB2 and also binds to the vanilloid VR1 
receptors, whereas 2-AG is a full agonist for 
CB2. Both are synthetized from distinct precur-
sors, via phospholipid-dependent pathways, 
involving phospholipase D for anandamide and 
diacylglycerol lipase for 2-AG. Cellular uptake of 
anandamide prior to its degradation depends on 
an anadamide transporter recently characterized 
(18). Intracellular degradation of anandamide and 
2-AG is ensured by fatty acid amide hydrolase 
(FAAH) and monoacyglycerol lipase, respectively. 
Other fatty acid ligands with cannabinoid recep-
tor binding activity have been characterized more 
recently, including noladin ether (2-AG ether), 
virodhamine (O-arachidonoyl ethanolamine), 
N-arachidonoyldopamine (NADA), and docosat-
eraenylethanolamide (DEA), but their biological 
functions remain to be clarified (16, 17). Studies 
over two decades have demonstrated the crucial 
role of the endocannabinoid system in the regula-
tion of a variety of pathophysiological conditions. 
Well characterized effects include neuroprotec-
tion, analgesia and motor activity, regulation of 
immune and inflammatory responses, regulation 
of bone mass, antitumoral properties, vasodila-
tion, regulation of energy balance and stimula-
tion of food intake (16, 17, 19). Hepatic effects of 
the endocannabinoid system have long remained 
unknown. The embryo liver shows a high expres-
sion of CB2 receptor that declines during devel-
opment (20). In contrast, CB1 and CB2 receptors 
are faintly expressed in normal adult liver, in 
Kupffer and endothelial cells and in hepatocytes, 
although substantial amounts of endocannabi-
noids are produced, as shown by the presence of 
significant levels of 2-AG and FAAH (21). None-
theless, recent studies unraveled a major role of 
endocannabinoids in various liver pathological 
conditions such as non-alcoholic fatty liver dis-
ease, liver fibrogenesis associated to chronic liver 
injury and portal hypertension.

THE ENDOCANNABINOID SYSTEM IN 
NON-ALCOHOLIC FATTY LIVER DISEASES 

Non-alcoholic fatty liver diseases (NAFLD) is 
a rising cause of chronic liver injury in western 

countries and is predominantly associated with 
features of insulin resistance, such as obesity 
and Type II diabetes (22). NAFLD can present as 
steatosis, defined by fat accumulation into hepa-
tocytes and generally considered as a benign 
condition, or evolves towards steatohepatitis 
(NASH), that associates steatosis together with 
liver inflammation and hepatocyte injury; this en-
tity promotes liver fibrogenesis with a 20% risk of 
cirrhosis after 10 to 20 yr (22). Numerous studies 
show that activation of CB1 by endocannabinoids 
promotes obesity both via hypothalamic stimula-
tion of food intake and by activation of lipogen-
esis in adipocytes (23-25). In addition, recent evi-
dence indicates that the liver endocannabinoid 
system regulates lipogenesis in hepatocytes and 
stimulates steatogenesis (26).

Central CB1 receptors stimulate food intake 
As shown in several studies, the overactivation of 
the hypothalamic endocannabinoid system plays 
a major role in overeating and obesity. Thus, hy-
pothalamic levels of endocannabinoids and CB1 
receptors are increased in animal models of obes-
ity, and CB1-deficient mice are lean and resistant 
to diet-induced obesity (27, 28). Moreover, the 
CB1 antagonist rimonabant reduces food intake 
and body weight, both in experimental models 
and in phase III clinical trials in overweight pa-
tients (29, 30). However, whereas rimonabant 
causes a long-lasting reduction of body weight, 
anorectic effects of the CB1 antagonist are tran-
sient (27), therefore suggesting additional pe-
ripheral effects of CB1 receptors.

Peripheral CB1 receptors regulate energy balance
Adipose tissue and the liver are interrelated in li-
pid metabolism, in that adipocytes are a source of 
fatty acids delivered to the liver, and store hepatic 
triglycerides released into the bloodstream. Ac-
tivation of adipocyte CB1 receptors activates the 
lipogenic enzyme lipoprotein lipase (23), whereas 
exposure of adipocytes to rimonabant enhances 
adiponectin expression, an adipokine that inhib-
its the expression of the lipogenic enzyme acetyl 
CoA carboxylase (24). In addition, a recent study 
showed that activation of heaptocyte CB1 recep-
tors also enhances lipogenesis (26). Thus, the 
cannabinoid receptor agonist HU210 stimulates 
de novo fatty acid synthesis both in cultured 
hepatocytes and in vivo in the liver, via up-regula-
tion of the transcription factor SREBP-1c and of its 
target genes, acetyl CoA carboxylase-1 and fatty 
acid synthase (26). Interestingly, HU210 also up-
regulates SREBP-1c and fatty acid synthase gene 
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expression in hypothalamus via CB1 receptors, 
indicating that hepatic and central CB1 receptors 
share common molecular targets in the regulation 
of peripheral lipogenesis and central food intake 
(26). In keeping with these findings, central and 
peripheral effects of HU-210 are blunted in CB1-
deficient mice and in mice treated with rimona-
bant. In contrast to the CB1-dependent lipogenic 
actions of HU210 in hepatocytes, cannabinoid re-
ceptor-independent inhibition of fatty acid synthe-
sis by anandamide was reported in another study 
(31). These discrepancies might be related to the 
use of exogenous vs endogenous cannabinoids in 
the two studies.

CB1 receptors enhance liver steatogenesis
Demonstration of the lipogenic effect of CB1 in 
hepatocytes prompted investigations in a mouse 
model of high fat diet-induced obesity.
In this model, wild type mice develop obesity, while 
CB1-deficient mice do not, despite similar caloric 
intake. Liver CB1 receptors and hepatic anandamide 
levels were increased in obese mice, the latter prob-
ably resulting from decreased anandamide degrada-
tion by FAAH (26).
Diet-induced obesity was associated to the ex-
pected changes in insulin, adiponectin and lep-
tin levels, to de novo fatty acid synthesis, and to 
the development of steatosis. These alterations 
were totally blunted in CB1-deficient mice, dem-
onstrating their CB1 receptor dependency (26). 
These results show that overactivation of the 
hepatic endocannabinoid system is responsible 
for the development of CB1-dependent steatosis 
in obese mice. Although the blocking effects of 
CB1 antagonists were not assessed in this study, 
these data suggest that CB1 antagonists may 
constitute a novel approach for the treatment 
of non-alcooholic fatty liver diseases. Whether 
cananbinoid receptors also participate in the 
pathogenesis of hepatocyte alterations and to 
the inflammatory phase of NASH remains to be 
investigated. It should be stressed however, that 
receptor-independent apoptotic effects of anan-
damide were recently reported (32), but were not 
reproduced in a distinct study (33).

THE ENDOCANNABINOID SYSTEM IN LIVER 
FIBROSIS
Physiopathology of liver fibrosis
Chronic liver injury exposes to liver fibrosis, and 
its endstage, cirrhosis, is a major public health 
problem worldwide, owing to life-threatening 
complications of portal hypertension and liver 

failure, and to the risk of incident hepatocellular 
carcinoma. A variety of adverse stimuli may trig-
ger fibrogenesis, including viruses, toxics such as 
alcohol, autoimmune diseases, chronic cholesta-
sis, metabolic disorders, genetic defects or hy-
poxia (34). In western countries, prevailing causes 
of cirrhosis include chronic alcohol consumption, 
hepatitis C virus and non-alcoholic steatohepati-
tis. Liver fibrogenesis is driven by a heterogenous 
population of smooth muscle α-actin expressing 
cells originating from hepatic stellate cells and 
hepatic myofibroblasts, that proliferate and 
accumulate in necrotic areas, synthetize fibro-
genic cytokines [ie transforming growth factor-β1 
(TGF-β1)], growth factors, chemokines, fibrosis 
components and inhibitors of matrix degrada-
tion (34). Effective antifibrotic treatments are not 
available in humans as yet, and numerous efforts 
are directed at the development of liver specific 
antifibrotic therapies.
Current goals of antifibrotic strategies include (a) 
reduction of fibrogenic cell accumulation by growth 
inhibitory or pro-apoptotic compounds, and/or (b) 
reduction of fibrosis following inhibition of extracel-
lular matrix synthesis or enhancement of its degra-
dation. Inhibition of parenchymal injury and of liver 
inflammation may also be of interest (34).

Induction of CB1 and CB2 receptors during chronic 
liver injury 
We have recently demonstrated that the cannabinoid 
system may be a crucial regulator of liver fibrogenesis.
Thus, CB1 and CB2 receptors are marginally ex-
pressed in the normal liver and undergo marked 
upregulation in the cirrhotic human liver, predomi-
nating in hepatic myofibroblasts within fibrotic 
septa (35, 36). In keeping with these data, CB1 
receptors are also up-regulated in a model of 
liver fibrosis, induced by bile duct ligation (37). As 
anandamide production increases in cirrhosis (32, 
38-40), we hypothezized that the endocannabinoid 
system may be involved in liver fibrogenesis. Strik-
ingly, we found that CB1 and CB2 receptors display 
opposite pro- and antifibrogenic effects (35, 36).

Antifibrogenic role of the CB2 receptor 
Mice invalidated for CB2 receptors and exposed 
to chronic carbon tetrachloride intoxication de-
veloped enhanced liver fibrosis as compared 
to wild type mice, by a mechanism involving 
increased accumulation of hepatic myofibrob-
lasts (36). These results were further supported in 
cultures of hepatic myofibroblasts and activated 
hepatic stellate cells, which showed that selective 
activation of CB2 receptors limits hepatic myofi-
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broblast accumulation by triggering both growth 
inhibition and apoptosis (36).
Characterization of the molecular mechanisms 
underlying CB2 receptor-dependent growth ar-
rest and apoptosis revealed distinct signaling 
pathways, COX-2 for growth inhibition, and oxi-
dative stress for apoptosis. Indeed, THC increased 
COX-2 protein expression and activity, and block-
ing COX-2 blunted the growth inhibitory effect 
of THC (36). These results extend previous data 
demonstrating the central role of COX-2 in growth 
inhibition of hepatic myofibroblasts (41-44). How-
ever, pharmacological blockade of COX-2 did not 
affect the apoptotic effect of THC, suggesting 
the involvement of other signalling pathways. As 
found previously with another apoptotic factor, 
15-d-PGJ2 (45), apoptosis elicited by THC was re-
lated to oxidative stress. In fact, apoptotic concen-
trations of THC stimulated production of reactive 
oxygen species, and, accordingly, CB2-mediated 
apoptosis was blocked by antioxidants (36). This 
study, therefore, demonstrated that endogenous 
activation of CB2 receptors limits progression of 
experimental liver fibrosis by reducing accumula-
tion of liver fibrogenic cells (36). Interestingly, CB2 
receptors display antiinflammatory properties 
and a recent study demonstrated that PRS-211 
092, a synthetic cannabinoid derivative devoid 
of psychoactive effects, inhibits inflammation and 
reduces liver injury in a model of concanavalin A-
mediated acute liver injury (46). Whether this syn-
thetic coumpound is a CB2 agonist remains to be 
determined, but further studies are warranted to 
determine whether CB2 agonists elicits antiinflam-
matory effects in chronic models of liver injury.

Profibrogenic role of the CB1 receptor 
We also found that CB1-deficient mice show 
reduced fibrosis following carbon tetrachloride 
administration (35), based on both histological 
analysis of the livers and measurement of hepatic 
collagen content. Reduction of fibrosis in CB1-
deficient mice was associated with a decrease 
in the production of the profibrogenic cytokine 
TGF-β1, and in the number of smooth muscle 
α-actin positive cells. Altogether, these results 
demonstrated that CB1 antagonism reduces the 
fibrogenic response associated to chronic liver 
injury, and suggest that CB1 is profibrogenic in 
the liver. Endogenous ligands for hepatic CB1 
and CB2 receptors remained to be identified 
among the increasing number of endocannabi-
noid members. These ligands may possibly be 
different from anandamide or 2-AG, since both 
lipids induce apoptosis of hepatic stellate cells 

and hepatic myofibroblasts by CB1 and CB2-in-
dependent pathways (33, 36). However, we can-
not exclude that CB1 and CB2 receptors may be 
constitutively activated (47, 48) during chronic 
liver injury, independently of ligand occupation 
of the receptor.

Impact of cannabis use on fibrosis progression in 
patients with chronic hepatitis C
In order to investigate the relevance of experi-
mental findings in a human setting, we examined 
the impact of cannabis usage on progression of 
liver fibrosis in a cohort of patients with chronic 
hepatitis C of known duration (49). The study in-
cluded 270 consecutive untreated patients with 
a single dated risk factor for chronic hepatitis C; 
patients co-infected with hepatitis B virus (HBV) 
or human immunodeficiency (HIV) or with previ-
ous immunosuppression were excluded. Fibrosis 
progression rate, estimated by the ratio between 
the Metavir fibrosis stage (scale of 0 to 4) and the 
duration of disease in years, was chosen as the 
primary endpoint. The secondary endpoint was 
fibrosis stage evaluated according to the Metavir 
scoring system. Independent factors related to 
both endpoints were analysed by logistic regres-
sion. Following univariate analysis, daily cannabis 
use emerged as an independent predictor of a 
severe outcome using both endpoints (49); ad-
ditional predictors included previously known 
risk factors, such as excessive alcohol intake, 
older age at contamination, moderate to severe 
steatosis and activity grade. These results show 
that daily cannabis use is an independent predic-
tor of fibrosis progression in patients with chronic 
hepatitis C, and therefore support experimental 
findings demonstrating profibrogenic properties 
of CB1 receptors. In summary, the endocannabi-
noid system plays a dual opposite role during 
chronic liver injury, that associates antifibrogenic 
properties of CB2 receptors and profibrogenic 
effects of CB1 receptors (Fig. 1). These findings 
identify CB1 and CB2 receptors as potential novel 
target for antifibrogenic therapy during chronic 
liver diseases, and suggest that combined ther-
apy with selective CB1 antagonists and/or CB2 
agonists might open a new therapeutic avenue 
for the treatment of liver fibrosis.

THE ENDOCANNABINOID SYSTEM IN 
THE PATHOPHYSIOLOGY OF PORTAL 
HYPERTENSION

A number of studies indicate that anandamide 
is a major hypotensive molecule, as shown in 
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animal models of hemorrhagic, endotoxic or 
cardiogenic shock (50). Hypotension is abolished 
in CB1 KO mice and inhibited by the administra-
tion of CB1 receptor antagonists. Conversely, 
anandamide-induced CB1 activation reduces hy-
pertension in several animal models, but there is 
no evidence of an endocannabinergic tone in the 
maintenance of normal blood pressure. These 
findings recently led to the investigation of the 
role of endocannabinoids in portal hypertension 
syndrome.

Pathophysiology of portal hypertension in cirrhosis
Portal hypertension is characterized by deregulation 
of portal blood flow and intra-hepatic resistance and 
is defined by an increase of the portal venous pres-
sure above 5 mmHg. This syndrome primarily devel-
ops in patients with cirrhosis and is responsible for a 
high rate of morbidity and mortality and is a major 
indication of liver transplantation, owing to severe 
complications, such as gastrointestinal bleeding, 
ascites, hepatorenal syndrome and hepatic en-
cephalopathy.
In patients with cirrhosis, portal pressure initially 
increases because of an augmentation in intra-
hepatic resistance consecutive to architectural 
distortion of the liver and enhanced vasocon-
striction of portal venules and sinusoidal capil-
laries. Excessive intra-hepatic vasoconstriction 
results from enhanced contraction of vascular 
smooth muscle cells and of activated hepatic 
myofibroblasts, due to both defective intrahe-

patic production of vasodilators and enhanced 
liver synthesis of vasoconstrictors. Secondar-
ily, formation of porto-systemic collaterals is 
associated to increased cardiac output, reduced 
splanchnic and systemic resistance consecutive 
to overproduction of vasodilatory molecules 
such as nitric oxide, leading to reduced blood 
pressure and enhanced splanchnic blood inflow. 
Accordingly, antiportal hypertension strategies 
aim at reducing intra-hepatic resistance and at 
reducing portal inflow by means of splanchnic 
vasoconstrictors (51).

Endocannabinoids promote peripheral 
vasodilation in cirrhosis 
A first clue as to a role of endocannabinoids in 
splanchnic vasodilation associated to cirrhosis 
was brought up by the groups of Batkai et al. (38) 
and Ros et al. (39). Batkai et al. showed that rats 
with biliary or CCl4-induced cirrhosis show low 
mean blood pressure. Interestingly, rimonabant 
not only reversed the hypotensive state, but also 
decreased the elevation of mesenteric blood flow 
and of portal pressure observed in both models 
of cirrhosis. These results therefore suggested 
enhanced sensitivity of cirrhotic rats to vasodilat-
ing splanchnic effects of endocannabinoids. In 
keeping with this hypothesis, CB1 receptors were 
upregulated in endothelial cells isolated from hu-
man mesenteric arteries, while anandamide levels 
were increased in monocytes and blood from cir-
rhotic patients, compared to healthy controls (38, 

Fig. 1 - Dual opposite regulation of liver 
fibrosis by the endocannabinoid system 
during chronic liver diseases. The hepatic 
endocannabinoid system plays a dual role 
during chronic liver injury, associating antifi-
brogenic properties of cannabinoid recep-
tors type 2 (CB2) and profibrogenic effects 
of cannabinoid receptors type 1 (CB1).
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40). There was as significant reduction in mean 
blood pressure in animals receiving monocytes 
from cirrhotic patients as compared to mono-
cytes from healthy controls. Similar observations 
were made using monocytes from cirrhotic and 
control rats (39). Finally, recent data showed that 
anadamide promotes a selective vasodilation 
of mesenteric arterioles in cirrhosis, without af-
fecting vasomotricity of peripheral arteries (52). 
Overall, these results indicate that an enhanced 
anandamide CB1-dependent tone participates 
in the pathogenesis of portal hypertension via 
vasodilation of mesenteric arterioles. 

OTHER ASPECTS OF ENDOCANNABINOID 
BIOLOGY DURING LIVER DISEASES
Cirrhotic cardiomyopathy 
Cirrhotic cardiomyopathy is characterised by nor-
mal baseline contractility and impaired respon-
siveness to pharmacological stimulation or stress 
(53). A role of endocannabinoids in cirrhotic 
cardiomyopathy has recently been suggested, 
based on the finding of enhanced cardiac neu-
ral production of anandamide in this condition, 
which is reversed by the CB1 receptor antagonist 
AM251 (54).

Hepatic encephalopathy 
Hepatic encephalopathy is a major complication 
of chronic or acute liver failure, with a complex 
pathogenesis involving multiple neurotransmitters, 
astrocyte dysfunction and abnormalities in cerebral 
perfusion. In a model of fulminant liver failure in-
duced by thioacetamide, there was a significant 
increase in brain levels of 2-AG in TAA-treated 
animals, and neurological function was improved 
by the CB2 agonist HU308 or by 2-AG, as well as 
by rimonabant (55). Further studies are awaited to 
fully characterize the respective role of CB1 and CB2 
receptors in this process.
In conclusion, the endocannabinoid system has 
emerged as a potential novel therapeutic target 
for chronic liver diseases in the last 5 yr, with 
emphasis on NAFLD, liver fibrosis and portal hy-
pertension. Further studies are awaited to demon-
strate the efficiency of a combined treatment with 
selective CB1 antagonists and/or CB2 agonists in 
these settings. 
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OPINION

New approaches for the management of patients
with multiple cardiometabolic risk factors

L.F. Van Gaal, and F. Peiffer
Department of Diabetology, Metabolism and Clinical Nutrition, Antwerp University Hospital, Antwerp, Belgium

ABSTRACT. Therapeutic strategies currently 
available for the management of cardiometa-
bolic risk factors focus mainly on individual 
factors, and do not target the underlying cause 
of cardiovascular and metabolic diseases. 
The Rimonabant-in-Obesity (RIO) programme 
consists of four 1-2 yr Phase III trials, RIO-Eu-
rope, RIO-Lipids, RIO-North America (NA), and 
RIO-Diabetes, designed to assess the efficacy 
and safety of rimonabant in the treatment of 
multiple cardiometabolic risk factors in 6600 
overweight/obesity patients. After 1 yr, re-
sults from the RIO-NA and RIO-Europe trials, 
showed that treatment with rimonabant 20 mg/
day improved HDL-C (p<0.001), triglycerides 
(p<0.001), fasting insulin (p<0.001) and insulin 
resistance (p=0.002 and p<0.001 for RIO-Europe 
and RIO-NA, respectively) compared to placebo. 
The results of both studies also showed signifi-
cant and sustained mean reductions in waist 
circumference (p<0.001), and weight (p<0.001) 
for rimonabant 20 mg/day compared with pla-

MULTIPLE CARDIOMETABOLIC RISK FACTORS 
AND INCREASED RISK OF CARDIOVASCULAR 
DISEASE 

Despite treatment advances for controlling in-
dividual conditions, such as dyslipidemia and 
hypertension, morbidity and mortality associ-
ated with Type 2 diabetes and cardiovascular dis-
ease (CVD) remain high (1, 2). Several metabolic 
risk factors have been identified that markedly 
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increase the chance that a given individual will 
develop CVD. These include elevated triglycer-
ide (TG) levels, low-HDL-cholesterol (HDL-C), 
raised fasting plasma glucose concentrations, 
adiponectin, C-reactive protein (CRP) and ab-
dominal obesity (3, 4), despite many opportuni-
ties to control classical risk factors such as LDL, 
blood pressure and smoking. The clustering 
of more than one of these risk factors poses a 
greater risk of metabolic disorders, coronary 
heart disease (CHD), CVD and mortality (5, 6) 
(Fig. 1). A comprehensive approach to target 
these clustering multiple factors is required in 
order to reduce their cumulative effect on CVD 
and diabetes risk.
Although the underlying pathophysiology of 
these associations is not completely understood, 

cebo. Similar improvements were seen in the 
RIO-Lipids trial at 1 yr and these results were 
consistently maintained over 2 yr in RIO-NA. The 
RIO-Europe and RIO-NA trials showed that im-
provements in HDL-C and TG levels with rimona-
bant over 1 yr, compared with bodyweight, were 
beyond that attributable to weight loss alone 
[40 and 55% for HDL-C and triglyceride (TG), 
respectively for RIO-Europe and 58 and 47%, 
respectively for RIO-NA]. Additionally, in RIO-
NA, changes in fasting insulin and homeostasis 
model assessment insulin resistance (HOMA-IR), 
were beyond weight loss alone (50 and 51%, 
respectively). Rimonabant was well tolerated 
and the majority of adverse events reported 
were mild and transient, and occurred early in 
the treatment period. Rimonabant, the first can-
nabinoid receptor type 1 (CB1) receptor blocker, 
reduces weight and waist circumference, and 
improves lipid and glucose metabolism.
[J. Endocrinol. Invest. 29 (Suppl. to no. 3): 77-83, 2006]
©2006, Editrice Kurtis
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it is becoming apparent that abdominal obesity 
is an important causative factor, being associ-
ated with each of the other risk factors of CVD 
and Type 2 diabetes (7, 8). Abdominal obesity 
comprises both sc and intra-abdominal adipos-
ity (IAA). Several epidemiological studies have 
established a link between IAA and CVD. IAA 
is the most metabolically active component of 
abdominal obesity and is considered a causa-
tive factor for the development of cardiometa-
bolic disorders and insulin resistance (9-12). Also 
among Type 2 diabetics is an equivalent risk pat-
tern present (13). 
Evidence has shown that waist circumference is 
a good measurement of intra-abdominal adipos-
ity and, when used alongside current standard 
tests for one other risk factor of either elevated 
fasting plasma glucose, high TG, or low HDL-
cholesterol, will increase the predictive power for 
diagnosing patients at elevated cardiovascular 
risk (14). Together, these two inexpensive and 
practical measurements could significantly im-
prove the identification of patients at risk of CVD 
and diabetes mellitus.

CURRENT TREATMENT OPTIONS FOR 
MANAGEMENT OF CARDIOMETABOLIC
RISK FACTORS 

The promotion of a healthy lifestyle has been recom-
mended for the primary management of cardiometa-

bolic risk factors (15). Currently, most pharmacologi-
cal treatments target individual cardiometabolic 
risk factors. For example, the primary aim in the 
treatment of dyslipidemia is lowering LDL-C, and 
statins have been shown to influence lipid param-
eters by reducing LDL-C by 20 to 60% (16-18). 
Treatment that concentrates initially on lowering 
serum LDL-C levels in patients with diabetic dy-
slipidemia may leave substantial excess risk for 
CVD in these patients (19). Drug therapy to reduce 
hypertension with angiotensin converting enzyme 
(ACE) inhibitors, β-blockers or diuretics has shown 
that a reduction in blood pressure by 4-6 mmHg 
leads to a decrease in stroke of 35-40%, in CHD of 
20-25% and in coefficient of variation (CV) death of 
approximately 25% (20). The treatment of insulin 
resistance and hyperglycemia has been extensively 
studied, with metformin and the thiazolidinediones 
(TZD) displaying efficacy in the delay/prevention 
of diabetes (21-23). These interventions may also 
reduce the development of CVD and metabolic 
disorders, as shown by lifestyle intervention and 
metformin treatment in the Diabetes Prevention 
Programme (23, 24).
However, despite the availability of these treat-
ments, morbidity and mortality associated with CVD 
and Type 2 diabetes still remain high (1, 2). Given the 
multifaceted challenge of managing CVD and meta-
bolic diseases, it seems logical to treat the cluster of 
risk factors in order to reduce the overall risk of CVD 
development.

Fig. 1 - Schematic diagram of the risk factors comprising cardiovascular disease and Type 2 diabetes. CVD: cardiovascular disease; T2DM: 
type 2 diabetes mellitus; TG: triglyceride; CPR: C-reactive protein; BGlu: blood glucose.
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This approach has been attempted with poly-
pharmacy, ie the concomitant use of existing 
therapeutics (25). Intensive, multifactorial inter-
vention can reduce the risk of CVD to a greater 
extent than single therapy (26). One hundred 
and sixty patients were randomly assigned, half 
to receive conventional treatment in accordance 
with national guidelines and half to receive in-
tensive multifactorial treatment, with a stepwise 
implementation of behavior modification and 
pharmacological therapy that targeted hyperg-
lycemia, hypertension, dyslipidemia and micro-
albuminuria, along with secondary prevention of 
CVD with aspirin. Patients receiving multifacto-
rial intervention showed a greater reduced risk of 
CVD than those on conventional treatment (26). 
The lack of patient compliance with polyphar-
macy can, however, severely limit the efficacy of 
this approach (27). Compliance was significantly 
higher for once-daily dosing vs 3-times-daily 
(p=0.008), once-daily vs 4-times-daily (p<0.001), 
and twice-daily vs 4-times-daily dosing regimens 
(p=0.001) (27). Moreover, these pharmacologi-
cal approaches do not address the underlying 
pathophysiology of these conditions and can be 
associated with unwanted side-effects.

THE ENDOCANNABINOID SYSTEM AS
A NEW TARGET FOR CARDIOMETABOLIC
RISK FACTOR MANAGEMENT

Recently, the endocannabinoid (EC) system was 
discovered, comprising cannabinoid recep-
tors type 1 and 2 (CB1 and CB2 receptors) and 
their natural ligands, endocannabinoids, were 
identified. CB1 receptors are found in a variety 
of tissues and are thought to exert their effects 
through both central (ie brain) and peripheral 
(eg adipose tissue, the liver, the gut and mus-
cle) action (28). In the brain, CB1 receptors are 
located in the hypothalamus and nucleus ac-
cumbens – both regions known to be involved in 
feeding and energy regulation. In the periphery, 
CB1 receptors are found on adipocytes where, if 
stimulated, they induce lipogenesis in the gas-
trointestinal tract, muscles and liver. Pre-clinical 
animal model studies have shown that the EC 
system is involved in the regulation of energy 
balance, food intake and lipid as well as glucose 
metabolism (28-30). Mice lacking the CB1 recep-
tor exhibit a lean phenotype and do not display 
diet-induced obesity or insulin resistance (31).
Rimonabant is a first-in-class, selective CB1 recep-
tor blocker that has been shown in clinical trials 
to improve multiple cardiometabolic risk factors 

compared with placebo (32, 33). The Rimonabant 
in Obesity (RIO) trial programme consists of four 
1-2 yr Phase III trials designed to assess the ef-
ficacy and safety of rimonabant in the treatment 
of overweight/obesity in over 6600 patients. 
Results published from the RIO-Europe (32), RIO-
Lipids (33) and RIO-North America (34) trials are 
promising, with consistent changes across the 
cardiometabolic parameters measured in patients 
randomized to receive rimonabant 5 and 20 mg 
compared with placebo. 
The RIO-Europe (no.=1507) and RIO-North 
America (no.=3043) trials included obese men 
and women with BMI ≥30 kg/m2 without comor-
bidities, or BMI >27 kg/m2 with treated or un-
treated hypertension and/or treated or untreated 
hyperlipidemia. At 1 yr, treatment with rimona-
bant 20 mg/day resulted in statistically significant 
improvements in cardiometabolic risk factors 
compared to placebo, including HDL-C (p<0.001 
for both studies), TG (p<0.001 for both studies), 
fasting insulin (p<0.001 for both studies) and 
insulin resistance [as measured by homeostasis 
model assessment of insulin resistance (HOMA-
IR)] (p=0.002 and p<0.001 for RIO-Europe and 
RIO-NA, respectively) compared with placebo 
controls (32, 34) (Table 1A). The results of both 
studies also showed statistically significant and 
sustained mean reductions in waist circumfer-
ence (p<0.001), and weight (p<0.001) for rimona-
bant 20 mg/day compared with placebo (32, 34) 
(Table 1A). Significantly more patients treated 
with rimonabant 20 mg than placebo achieved a 
weight loss of 5% or greater (p<0.001) and 10% 
or greater (p<0.001) (32). Previous evidence has 
shown that 5-10% weight loss has beneficial ef-
fects on cardiovascular risk factors (35). Recently 
published results from the RIO-Lipids trial (33) 
showed similar improvements in cardiometabolic 
risk factors over 1 yr, and data from the RIO-North 
America trial showed that these improvements 
were consistently maintained over 2 yr (34) (Table 
1A). Both the RIO-Europe and RIO-North America 
trials also showed that the improvements in HDL-
C and TG levels with rimonabant when observed 
over 1 yr, compared with bodyweight, were not 
attributable to weight loss alone (40 and 55% for 
HDL-C and TG, respectively, for RIO-Europe and 
58 and 47%, respectively for RIO-North America), 
suggesting a direct effect of rimonabant on lipid 
metabolism (32, 34). Moreover, the results from 
RIO-North America showed that 50 and 51% of 
the observed changes in fasting insulin and HO-
MA-IR, respectively, at 1 yr were not attributable 
to weight loss alone (34). 
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Table 1 - Efficacy and safety of rimonabant 20 mg in the Rimanabant in Obesity (RIO) programme.

A Efficacy of rimonabant 20 mg in cardiometabolic risk factors 

RIO-Europe† RIO-Lipids† RIO-North America†

1 yr
RIO-North America†

2 yr

Placebo Rim 20 mg Placebo Rim 20 mg Placebo Rim 20 mg Placebo Rim 20 mg

HDL-cholesterol (% 
change)

13.4 22.3 11.0 19.1 5.4 12.6 7.8 14.1

p value vs placebo p<0.001 p<0.001 p<0.001 p<0.001

TG (% change) 8.3 -6.8 -0.2 -12.6 7.9 -5.3 6.6 -1.9

p value vs placebo p<0.001 p<0.001 p<0.001 p<0.001

Fasting insulin (µIU/ml) 1.8 -1.0 0.9 -1.7 2.6 -0.2 2.1* 0.3*

p value vs placebo p<0.001 p=0.016 p<0.001 p=0.014*

HOMA-IR (% change) 0.4 -0.3 0.3 -0.4 0.8* 0.0* 0.6* 0.1*

p value vs placebo p=0.002 p=0.023 p<0.001* p=0.012*

Waist circumference (cm) -2.4 -6.5 -2.4 -7.1 -2.5 -6.1 -2.2 -5.0

p value vs placebo p<0.001 p<0.001 p<0.001 p<0.001

Weight (kg) -1.8 -6.6 -1.5 -6.9 -1.6 -6.3 -1.2 -4.8

p value vs placebo p<0.001 p<0.001 p<0.001 p<0.001

Adiponectin (µU/ml) ND ND 0.7 2.2 ND ND ND ND

p value vs placebo p<0.001

Leptin (ng/ml) ND ND -0.3 -4.1 ND ND ND ND

p value vs placebo p<0.001

C-reactive protein (mg/l) ND ND -0.4 -1.0 ND ND ND ND

p value vs placebo p=0.007

B Adverse events ≥5% in any active treatment group at 1 yr

RIO-Europe RIO-Lipids RIO-North America

Placebo
(no.=305)

Rim 20 mg
(no.=599)

Placebo
(no.=342)

Rim 20 mg
(no.=346)

Placebo
(no.=607)

Rim 20 mg
(no.=1219)

Nasopharyngitis (%) 15.7 15.5 21.6 19.4 14.0 17.0

Influenza (%) 10.5 9.0 5.3 9.5 7.7 8.8

Gastroenteritis (%) 7.9 8.5 6.4 6.6 2.6 2.5

Upper respiratory tract
infection (%) 7.5 5.5 9.9 8.7 15.2 18.5

Bronchitis (%) 5.2 5.7 3.8 1.4 5.1 4.3

Sinusitis (%) 5.6 4.3 7.0 4.9 11.7 8.7

Continued
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The RIO-Lipids trial included obese men and 
women ‘at higher risk’ (no.=1036) with BMI >27 
kg/m2 ≤40 kg/m2 with untreated dyslipidemia. 
Additional cardiometabolic parameters to those 
measured in RIO-Europe and RIO-North America 
were assessed in the RIO-Lipids trial, with sig-
nificant changes being found in the proportion 
of small LDL particle size (p=0.002), adiponectin 
(p<0.001), leptin (<0.001) and CRP (p=0.020) lev-
els in patients treated with rimonabant 20 mg/day 
in the intent-to-treat last-observation-carried-for-
ward population (33) (Table 1A). 
The RIO-programme studies showed that ri-
monabant was generally well-tolerated. The most 
common adverse events for rimonabant 5 and 20 
mg/day reported in at least 5% of patients after 1 
yr were nausea, dizziness, diarrhoea, anxiety and 
insomnia (Table 1B). The most common adverse 
events for rimonabant 5 and 20 mg/day leading 
to discontinuation after 1 yr were depression, 
anxiety and nausea (32-34). The majority of the 
adverse events reported across the studies were 
mild and transient and mainly occurred early in 
the treatment period. Adverse events reported 
over 2 yr in the RIO-North America trial showed 
that overall rates of adverse events, discontinua-
tions, and adverse event-related discontinuations 
were lower than in yr 1 (34).
In summary, the data obtained from pre-clinical 
and clinical trials suggest that therapeutic target-
ing of the CB1 receptor is a promising approach 
for the comprehensive treatment of multiple car-

diometabolic abnormalities without the need for 
polypharmacy.

CONCLUSIONS

Therapies currently used to manage multiple 
cardiometabolic risk factors focus primarily on 
individual factors and have, therefore, failed to 
target the underlying cause of CVD and metabolic 
diseases. Recent publications, such as the IDF and 
the INTERHEART study (36, 37), emphasize the 
importance and growing understanding of the 
role of IAA in the pathogenesis of metabolic and 
CVD and subsequent cardiometabolic risk factors, 
ie insulin resistance and dyslipidemia. The recent 
identification of CB1 receptor blockade is an en-
couraging development in the treatment of clus-
tering cardiometabolic risk factors. Rimonabant, 
the first CB1 receptor blocker, reduces weight and 
waist circumference, as well as improving both 
glucose and lipid metabolism.
Improvement in our understanding of the etiol-
ogy of multiple, clustering cardiometabolic risk 
factors will aid us in identifying patients most at 
risk and help to evaluate the impact that new treat-
ments will have on the overall CVD risk of these 
patients.
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OPINION

Intra-abdominal obesity: An untreated risk factor for Type 
2 diabetes and cardiovascular disease

J.-P. Després
Québec Heart Institute, Laval Hospital Research Center, Ste-Foy (Québec), Canada

ABSTRACT. The prevalence of Type 2 diabetes is 
showing a rapid progression worldwide, a phe-
nomenon largely resulting from the epidemic 
proportions reached by obesity in various popu-
lations of the world. However, physicians have 
been puzzled by the heterogeneity of obesity 
as not every obese patient is characterized by 
chronic complications. In this regard, body fat 
distribution, especially intra-abdominal adipose 
tissue accumulation, has been found to be a key 
correlate of a cluster of diabetogenic, athero-
genic, prothrombotic and inflammatory meta-
bolic abnormalities increasing the risk of Type 2 
diabetes and cardiovascular disease. In this re-
gard, it has been recently demonstrated that ab-
dominal obesity was independently associated 
with an increased risk of coronary heart disease 
and Type 2 diabetes independently of overall 
adiposity. Lifestyle modification programs have 
shown the benefits on cardiometabolic risk vari-
ables of a moderate weight loss as it has been 
found to be associated with a substantial loss of 
intra-abdominal fat in viscerally obese patients. 

However, to be successful, such programs re-
quire the support of a multidisciplinary team 
not available to most clinicians. In this context, 
it is proposed that pharmacotherapy of obesity 
should target abdominally obese patients at 
high risk of Type 2 diabetes and cardiovascular 
disease, such risk being encompassed by the 
notion of “cardiometabolic risk”. The recent 
discovery of the endocannabinoid-cannabinoid 
receptor type 1 (CB1 receptor) system and of its 
impact on the regulation of energy metabolism 
represents a significant advance which could 
help physicians to target abdominal obesity 
and its related metabolic complications. In this 
regard, studies have shown that rimonabant 
(the first CB1 blocker developed) therapy could 
be useful for the management of clustering 
cardiovascular disease risk factors in high-risk 
abdominally obese patients through its marked 
effects on both abdominal adiposity and related 
metabolic risk factors.
[J. Endocrinol. Invest. 29 (Suppl. to no. 3): 84-89, 2006]
©2006, Editrice Kurtis

THE GROWING PREVALENCE OF TYPE 2  
DIABETES AND CARDIOVASCULAR DISEASE  
IS LARGELY DRIVEN BY OBESITY

Despite reductions in all-cause and cardiovascu-
lar mortality rates in developed countries over 
the last few decades, cardiovascular disease 
(CVD) still remains the leading cause of death 
in the USA (1) and in Europe (2). The prevalence 

of diabetes is also growing to epidemic propor-
tions and the complications associated with the 
disease significantly contribute to morbidity and 
mortality (3). The International Diabetes Federa-
tion (IDF) estimates that approximately 194 mil-
lion adults have diabetes in the IDF regions and 
have predicted that by 2025 the number of peo-
ple with diabetes may rise to almost 333 million 
(4). To further compound the risk, it is likely that 
by the time Type 2 diabetes is diagnosed, 50% of 
patients would already have cardiovascular com-
plications, and 75% will die as a result of CVD (5), 
making CVD the major cause of premature death 
in diabetic patients. Despite treatment advances 
that control individual risk factors, CVD and Type 
2 diabetes continue to be the leading causes 
of death worldwide (6, 7). Being overweight or 
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obese, particularly abdominally obese, increases 
the risk of Type 2 diabetes and CVD (8-10). Glo-
bally, over one billion adults are overweight, of 
whom at least 300 million are clinically obese 
(11). Furthermore, the World Health Organisation 
has estimated that, annually, about a quarter of 
a million deaths in Europe and 2.5 million deaths 
worldwide are weight-related, citing CVD as the 
leading cause (12). Few safe, effective drugs for 
obesity and related risk factors are available and 
there is currently a great unmet need for treat-
ments in this field.

ABDOMINAL OBESITY: A NEW POWERFUL 
RISK FACTOR FOR TYPE 2 DIABETES AND 
CARDIOVASCULAR DISEASE

Abdominal obesity substantially increases the 
risk of comorbidities, such as insulin resistance, 
diabetes, dyslipidemia and hypertension (13). 
The association between abdominal obesity 
and elevated cardiometabolic risk has been sug-
gested to be in part related to the direct release 
of free fatty acids (FFA) into the portal vein (14). 
It is thought that FFA decrease hepatic clearance 
of insulin (15), so resulting in hyperinsulinemia, a 
forerunner to Type 2 diabetes and CVD. Abdomi-
nal obesity has also been linked to an increased 
risk of coronary heart disease independently 
of body mass index (BMI), as demonstrated by 
several studies, most notably the INTERHEART 
study (16), and it has been shown to strongly and 
independently predict the risk of Type 2 diabetes 
(17). The importance of abdominal obesity, as a 
modifiable root cause of a cluster of metabolic 
abnormalities increasing the risk of Type 2 dia-
betes and CVD, is also emphasized in published 
guidelines (18, 19). The health threat posed by 
abdominal obesity, as measured by high waist cir-
cumference, is largely due to an excess of intra-
abdominal adiposity or visceral fat, which is also 
a risk factor for Type 2 diabetes and CVD (14). A 
causal connection has been suggested between 
intra-abdominal adiposity and the presence of 
the majority of previously established cardiomet-
abolic risk factors (14), eg excess intra-abdominal 
adiposity positively correlates with insulin levels 
both in the fasting state and following an oral 
glucose challenge (20). 
Growing evidence confirms a notion put forward 
more than 15 yr ago that it is intra-abdominal adi-
posity, not the absolute amount of fat, that is the 
underlying cause of the increased risk for Type 2 
diabetes and CVD (21). Intra-abdominal adiposity 
has been shown to be more metabolically active 

and to correlate more closely with metabolic ab-
normalities than sc fat (22, 23). Intra-abdominal 
adiposity, in particular, may contribute to insulin 
resistance by altering the levels of key adipokines 
(22, 24) (Fig. 1). Therefore, excess intra-abdomi-
nal adiposity, a major cause of cardiometabolic 
risk factors, including Type 2 diabetes and CVD, 
should be considered an important and relevant 
target for therapeutic intervention.

INTRA-ABDOMINAL ADIPOSITY IMPACTS ON 
ENDOCRINE FUNCTION

One way to understand the ability of intra-abdom-
inal adiposity to adversely influence cardiometa-
bolic risk is to examine the impact of its increase 
on adipokine secretion. Previously regarded 
simply as an energy storage depot, adipose tis-
sue is now recognized as an important endocrine 
organ (24). Factors secreted from adipose tissue, 
termed ‘adipocytokines’ or ‘adipokines’, play key 
roles in the regulation of insulin action, energy 
homeostasis, inflammation and other physiologi-
cal processes (24). Of particular interest is the re-
lationship between overweight/obesity and levels 
of adiponectin, a specific tissue-derived protein 
known to have antiatherogenic and antidiabetic 
properties. Adiponectin levels have been found 
to circulate in low concentrations in abdominally 
obese patients (25, 26), with this negative correla-
tion being stronger with intra-abdominal than with 
sc adiposity (27). Adiponectin levels also correlate 
strongly with plasma HDL-cholesterol levels (27) 
and with insulin sensitivity (28) and have been 
shown to be decreased in subjects with diabetes 
(29). This decrease is even more pronounced in 
patients with both diabetes and coronary artery 
disease (30-33). In addition, decreased adiponec-
tin levels are associated with an increased risk of 
coronary heart disease (34, 35), and data suggest 
that hypoadiponectinemia may not only be a 
marker of cardiovascular risk, but also an impor-
tant causal factor (28, 29, 36), although further 
studies are needed to secure this notion. 

INTRA-ABDOMINAL ADIPOSITY:  
A PREDICTOR OF CARDIOMETABOLIC RISK

While computed tomography is the most accurate 
method of quantifying intra-abdominal adipose 
tissue deposition, it is a complex and expensive 
process, rendering it impractical in routine diagno-
sis. An alternative assessment has been identified 
in the measurement of waist circumference, which 
has been shown to correlate with intra-abdominal 
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adiposity (37), and is an effective and straightfor-
ward method of diagnosing those at risk. The Insu-
lin Resistance Atherosclerosis Study (IRAS) showed 
that waist circumference is a strong predictor of 
reduced peripheral insulin resistance in non-dia-
betic lean subjects (19), and it has also been identi-
fied as a better predictor of Type 2 diabetes than 
waist-to-hip ratio or BMI (17). Waist circumference 
measurement plus current standard tests for other 
risk factors will increase the predictive power for 
diagnosing patients with intra-abdominal obesity, 
insulin resistance and related metabolic abnor-
malities (38). For instance, the presence of high 
triglycerides along with an increased waistline in 
a patient has been associated with a high prob-
ability for the patient to be characterised by 
excess intra-abdominal adiposity and increased 
cardiometabolic risk. Studies have demonstrated 
the association between high waist circumference 
and an increased probability of finding metabolic 
abnormalities, including elevated blood pressure, 
dysglycemia and low HDL-cholesterol, in addition 
to hypertriglyceridemia (39-41). The addition of 
these measures to high waist circumference could 
therefore further assist in identifying patients at el-
evated cardiovascular risk due to intra-abdominal 

adiposity. Thus, measurement of waist circumfer-
ence is a simple and first step approach to diagnose 
intra-abdominal adiposity and should be routinely 
employed in clinical practice.

THERAPEUTIC INTERVENTION:  
TARGETING INTRA-ABDOMINAL ADIPOSITY

The rising prevalence of cardiometabolic risk 
factors, along with the failure of the medical 
practice to induce lifestyle changes, has created 
a growing unmet need for safe and effective 
therapeutic approaches that target intra-ab-
dominal adiposity and reverse the associated 
metabolic abnormalities, including adipokine-
related imbalances. Studies have indicated that 
reductions in intra-abdominal adiposity confer 
significant improvements in cardiometabolic risk 
factors (42-44). Currently, thiazolidinedione and 
fibrates, new-generation peroxisome prolifera-
tor-activated receptor (PPAR) agonists, incretin 
mimetics, dipeptidyl peptidase IV inhibitors, 
protein tyrosine phosphatase 1B inhibitors, and 
endocannabinoid receptor blocking agents are 
cited as potential emerging therapies for multi-
ple clustering cardiometabolic risk factors (19). 

Dyslipidemia
TG↑• HDL-C↓

→Total-C/HDL-C↑
ApoB↑•Small, dense LDL-C↑

Endothelial
dysfunction

Pro-thrombosis
Fibrinogen↑

PAI-1↑

Intra-abdominal
adiposity

Inflammatory
profile↑

Hypertension
Left ventricular

hypertrophy
Congestive heart failure

Insulin resistance
Glucose intolerance

Hyperglycemia
Type 2 diabetes

Renal
hyperfiltration
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Fig. 1 - Intra-abdominal adipose tissue is emerging as the source of cardiometabolic abnormalities that determine the increased risk as-
sociated with abdominal obesity. HDL-C: HDL-cholesterol; PAI-1: plasminogen activetor inhibitor-1 (PAI-1); TG: triglyceride; ApoB: apoli-
poprotein B.
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CB1 RECEPTOR BLOCKADE TARGETS 
INTRA-ABDOMINAL ADIPOSITY

The endocannabinoid (EC) system, comprising 
cannabinoid receptors Type 1 (CB1 receptor) and 
Type 2 (CB2 receptor) and endocannabinoids 
such as anandamide (45), has been shown to be 
involved in the central and peripheral regulation 
of energy balance, and lipid and glucose metabo-
lism (46). The EC system becomes over-activated 
during excessive food intake (47), leading to a dis-
ruption of feedback mechanisms that would nor-
mally generate steady-state energy homeostasis. 
The CB1 receptor subtype has been shown to be 
involved in energy balance and metabolism. CB1 
receptors are not only located centrally, but are 
also found in peripheral tissue, ie adipocytes, liver, 
muscle and gut (48, 49), and as such represent a 
suitable target for the possibility of regulating adi-
pokine levels and the reduction of intra-abdominal 
adiposity. The selective CB1 blocker, rimonabant 
is, therefore, a viable candidate for therapeutic 
intervention in the treatment of intra-abdominal 
adiposity and related risk factors.
The Rimonabant In Obesity (RIO) trial programme 
consists of 1-2 yr. Phase III trials designed to assess 
the efficacy and safety of rimonabant in the treat-
ment of overweight/obesity in over 6600 subjects. 
Rimonabant 20 mg/day has been shown to con-
sistently reduce waist circumference in the RIO-
Europe, RIO-Lipids and RIO-North America stud-
ies (–6.5, –7.1 and –6.1 cm after 1 yr of treatment, 
respectively; all p<0.001 vs placebo) (50-52). 
Given that waist circumference is a strong predic-
tor of intra-abdominal adiposity (37) and decreas-
ing waist circumference is known to be associated 
with improvements in the metabolic risk profile, 
rimonabant clearly has the potential to target a 
key root cause of elevated cardiometabolic risk. In 
addition, the RIO programme has demonstrated 
that rimonabant 20 mg/day has also been shown 
in these trials to significantly reduce body weight, 
and improve plasma glucose, insulin homeos-
tasis and the lipid profile (p<0.001 vs placebo). 
Furthermore, the drug is well tolerated, with side 
effects shown to be mild and transient (50-52). The 
RIO-Lipids study also demonstrated a substantial 
increase in plasma adiponectin levels (p<0.001 vs 
placebo) following treatment with rimonabant 20 
mg/day for 1 yr, 57% of which could not be attrib-
uted to weight loss (51), which suggests a direct 
effect of rimonabant on adiponectin levels. This 
finding is consistent with animal studies, which 
have shown that rimonabant increases adiponec-
tin expression and production in adipocytes in 
vitro (48). 

RIMONABANT: A COMPREHENSIVE APPROACH 
FOR THE TREATMENT OF CARDIOMETABOLIC 
RISK

Evidence indicates that intra-abdominal adiposity 
plays a key role in the dysregulation of adipokine 
levels, further increasing the risk of Type 2 diabe-
tes and CVD. Therapeutic strategies that modify 
the endogenous production of adipokines, such 
as the reduction of intra-abdominal adiposity, 
may provide important means of improving the 
metabolic profile of high-risk abdominally obese 
patients. The new therapeutic target of CB1 block-
ade holds considerable promise as a risk modifier 
by targeting intra-abdominal adiposity. Data from 
future trials assessing the use in diabetic patients 
and in the prevention of progression to diabetes 
are eagerly awaited. 
Data shown here suggest that CB1 blockade may 
represent a viable treatment target for intra-abdomi-
nal adiposity reduction and adipokine modulation. 
Rimonabant could therefore represent a novel ther-
apeutic approach for the comprehensive manage-
ment of clustering metabolic abnormalities leading 
to Type 2 diabetes and CVD in abdominally obese 
patients through its marked effects on abdominal 
obesity, adiponectin levels and related metabolic 
risk factors.
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