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Abstract The endocannabinoid system (ECS) is composed
of lipid signalling ligands, their G-protein coupled receptors
and the enzymes involved in ligand generation and
metabolism. Increasingly, the ECS is emerging as a critical
agent of energy metabolism regulation through its ability to
modulate caloric intake centrally as well as nutrient
transport, cellular metabolism and energy storage peripher-
ally. Visceral obesity has been associated with an upregu-
lation of ECS activity in several systems and inhibition of
the ECS, either pharmacologically or genetically, results in
decreased energy intake and increased metabolic output.
This review aims to summarize the recent advances that
have been made regarding our understanding of the role the
ECS plays in crucial peripheral systems pertaining to
energy homeostasis: adipose tissues, the liver and skeletal
muscle.
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1 The endocannabinoid system and energy homeostasis

The regulation of energy balance in mammals consists of a
complex network of feedback systems involving hormonal
and neural control of energy input and energy output.
Caloric imbalance leads to rapid changes in adipocyte
metabolism, with the relative energy balance (i.e., energy
intake vs. energy expenditure) determining whether triglyc-

eride is mobilized or deposited, and how efficiently glucose
is oxidized or converted into fatty acids or glycogen. The
endocannabinoid system (ECS) consists of two G-protein-
coupled receptors (the cannabinoid CB1 and CB2 recep-
tors), their ligands (the two major endocannabinoids,
anandamide [AEA] and 2-arachidonoylglycerol [2-AG]),
and proteins regulating cannabinoid receptor activity and
endocannabinoid tissue levels (see [1], for a comprehensive
review), and is emerging as one of the key players in the
regulation of energy homeostasis and a major determinant,
through its dysfunctions, of metabolic disorders. Whilst the
role of endocannabinoids and CB1 receptors in the
stimulation of both the homeostatic and hedonic aspects
of food-intake is now well established (although it still
requires the clarification of several details), the importance
of the function of both cannabinoid receptors in peripheral
organs involved in the control energy metabolism has been
appreciated only during the last 5 years. In this article, we
review some of the most recent aspects of endocannabinoid
control of metabolism in the four major organs that, in
mammals, determine the fate of energy utilization vs.
storage, and the malfunctioning of which is at the basis of
obesity, dyslipidemia and type 2 diabetes: the white and
brown adipose tissues, the liver and the skeletal muscle
(Fig. 1).

1.1 Adipose tissue

Originally considered a passive reservoir for energy
storage, this tissue is now considered a complex and highly
active metabolic endocrine organ consisting of a wide range
of components (adipocytes, connective tissue matrix, nerve
tissue, stromovascular cells and immune cells) functioning
together as an integrated unit [2]. The impact of the adipose
tissue in the control of energy balance is due to its
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capability not only of lipid-storing and -mobilizing tissue,
but also of functionally producing heat (in brown adipose
tissue) and releasing adipocytokines [3]. Since the occur-
rence in the adipose tissue of the ECS and all its
constituents, including the two endogenous ligands, AEA
and 2-AG, their corresponding selective receptors, and the
machinery of proteins and enzymes that is involved in their
biosynthesis, release, transport, and degradation, has been
already extensively reported [4–6], in this article we will
focus purely on the adipocyte fraction of the adipose tissue
and on the molecular role of adipose cannabinoid signalling
in white (WAT) and brown (BAT) adipose tissue.

1.1.1 WAT

White adipose tissue, with all its fat droplets, is the main
store of energy in humans and in part acts as a thermal
insulator, helping to maintain body temperature. It is under
control of insulin and glucagon, both released from the
pancreas, which, upon receptor activation, initiate phos-
phorylation cascades that regulate hormone-sensitive lipase,
the enzyme that catalyzes the breakdown of the stored fat to
fatty acids, which are then exported into the blood (as such,
bound to albumin, or as triglycerides, covalently bound to
glycerol), and subsequently delivered to the liver and other
tissues. After the discovery that the ECS has a relevant role
in brain areas involved in the regulation of both the
homeostatic and hedonic aspects of food intake [6–9], a
significant number of experimental reports have emerged
on the importance of the ECS also in fat cells and other
peripheral tissues implicated in energy metabolism [10–12].
Apart from the identification of human adipocytes as a

source of endocannabinoids [13] and expressing the
enzymatic machinery not only to produce but also degrade
endogenous cannabinoids [5, 14], a relevant number of
papers have been published on the function of cannabinoid
receptors in the peripheral regulation of lipid metabolism.
The presence of CB1 in mature adipocytes, but not in pre-
adipocytes, was demonstrated in both human primary fat
cells and rodent primary cells and cell lines [15, 16], while
the expression of CB2 in mature adipocytes is still a
controversial issue [16, 17]. Nevertheless, the consequence
of CB2 deficiency has very recently been examined in Cb2
(−/−) and wild-type mice treated with a selective CB2
antagonist or fed a high-fat diet (HFD). Despite the increase
in food intake and adiposity with age, Cb2 (−/−) mice
maintain insulin sensitivity and do not show signs of
obesity-induced inflammation [18].

The large majority of reports has dealt so far with the
function in the WAT of CB1 receptors, the modulation of
which still remains a promising strategy for the treatment of
obesity. Activation of CB1 in adipocytes increases forma-
tion (via up-regulation of lipogenic enzymes) and storage of
triglycerides, and facilitates the uptake of glucose necessary
for de novo lipogenesis of triglycerides. This latter effect is
exerted by stimulating solute carrier family 2 (facilitated
glucose transporter), member 4 (Slc2a4 aka GLUT4)
translocation by increasing influx of extracellular calcium
and phosphatidylinositol 3-kinase (PI3K) activity [5, 6, 10].
CB1 receptor stimulation was shown to alter the expression
of some glucostatic adipokines in white adipocytes. In
particular, visfatin (a novel adipokine with insulin-mimetic
actions and increased levels in obesity) is up-regulated after
acute WIN 55212-2 stimulation. Conversely, adiponectin

Fig. 1 Summary of some of the
major effects of endocannabi-
noid signalling in peripheral
organs controlling fat storage
and energy expenditure. AMPK
AMP kinase, ECS endocannabi-
noid system, FA fatty acid, TG
triglyceride, VLDL very low
density lipoproteins, UCP-1
uncoupling protein-1

154 Rev Endocr Metab Disord (2011) 12:153–162



(the adipocyte-derived factor with insulin-sensitizing prop-
erties and decreased levels in obesity) is downregulated
under the same conditions [19], indicating a CB1-mediated
positive induction of energy balance and reinforcing the
concept of beneficial actions of peripheral CB1 blockade in
obesity. Accordingly, treatment with a low-concentration of
the CB1 antagonist/inverse agonist Rimonabant, while
inhibiting mouse pre-adipocyte proliferation, induces the
expression of the adipo-hormone Acrp30 (adiponectin) as
well as the enzyme glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and reduces mitogen-activated protein
kinase (MAPK) activity without affecting the induction of
lipid accumulation [20]. The use of CB1 blockers exerted a
direct effect on adipocytes via stimulation adiponectin
mRNA expression in obese fa/fa rats [15]. In addition,
Rimonobant-induced increased adiponectin release from
adipocytes might also activate hepatic 5′-AMP-activated
protein kinase (AMPK) to increase fatty acid entry into
mitochondria and subsequently β-oxidation [15, 21, 22]
(see also Section 1.2). Moreover, Rimonabant induced
eNOS activity in mouse primary adipocytes leading to
increased mitochondrial biogenesis [23]. Conversely CB1
activation has reverse effects as result of increased p38 (aka
mitogen-activated protein kinase 14; Mapk14) phosphory-
lation downstream of decreased eNOS activity, not only in
WAT but in liver and skeletal muscle as well [24].

As far as in vivo studies are concerned, the peripheral
treatment of rats exhibiting high fat diet induced obesity
(DIO) with Rimonabant (ip 10 mg/kg/day) resulted in a
food-intake-independent reduction of stearoyl-Coenzyme A
desaturase 1 (SCD-1) and increase in carnitine palmitoyl-
transferase 1 (CPT-1) expression, indicating a decrease in
lipogenesis and increase in lipolysis [25]. Moreover, Rimo-
nabant was shown to enhance carnitine acetyltransferase
(CAT) and carnitine palmityltransferase II (CPT2) expression
required for both the β-oxidation pathway and the tricar-
boxylic acid (TCA) cycle, suggesting a reduced fat storage in
WAT also in HFD-mice [26]. A recent preliminary report, by
showing that adipocyte-specific and tamoxifen inducible
CB1 knockout mice are totally resistant to high fat diet-
induced obesity, insulin resistance and dyslipidemia, shows
how, at least in rodents, CB1 receptors in adipocytes may
play a central role in lipogenesis, and hence also in obesity
and related co-morbidities [27]. Indeed, there is ever
increasing evidence that endocannabinoid tone in adipocytes
is subject to negative feed-back control by hormones and
peroxisome proliferator-activated receptors (PPAR), includ-
ing leptin [7, 28], insulin [29, 30], PPARγ [5, 10], and,
following exercise, PPARδ [31]. This feed-back control then
becomes impaired in obesity, which can be accompanied by
leptin and insulin resistance, and due in part to physical
inactivity (and subsequent down-regulation of PPARδ),
thereby leading to ECS dysregulation.

The dysregulation of endocannabinoid/CB1 tone in
obesity at both central and peripheral levels, and its
participation in obesity, dyslipidemia and insulin resistance,
are now well established concepts, although the causes of
this phenomenon still need to be fully clarified. Elevated
levels of endocannabinoids have been observed in the
epididymal fat of diet-induced obese mice [4–6], but
reduced levels are instead found in the subcutaneous WAT
of these animals [4]. Also in overweight and obese humans,
endocannabinoid tone, in terms of either endocannabinoid
levels or CB1 expression, or both, seems to be elevated in
the abdominal WAT and reduced in the subcutaneous WAT
[5, 32, 33]. In view of: 1) the postulated protective role of
subcutaneous fat as, among others, a buffer preventing
ectopic fat deposition, 2) the strong association between
abdominal-visceral fat with dyslipidemia, dyslipoproteine-
mia and insulin resistance [34]; and 3) the lipogenic action
of CB1 receptors, the unbalance of the ECS between
subcutaneous and visceral WAT might eventually contribute
to accumulation of the latter at the expenses of the former,
and, hence, to the several metabolic disorders associated
with abdominal obesity. Accordingly, a strong positive
correlation has been reported between plasma 2-AG levels
and the volume of abdominal, but not subcutaneous, WAT
[14, 35].

In fact, the role of the peripheral endocannabinoid
system in human obesity has been extensively investigated
also by measuring circulating endocannabinoid concentra-
tions and the expression of the entire ECS in adipose tissue
of lean and obese women before and after a 5% weight loss.
A strong negative correlation was found between the
adipose tissue expression (strongly reduced) of fatty acid
amide hydrolase (FAAH), one of the enzymes that degrades
the endocannabinoids, and circulating levels of the latter
(proficiently increased), both parameters being unaffected
by 5% weight loss [36]. These data are in agreement with
the upregulation of the peripheral endocannabinoid system
later reported in Zucker vs. lean rats following food
deprivation and re-feeding [37]. On the other hand, in
abdominally obese men, a 1-year life style intervention,
consisting of reduced caloric intake and exercise, and
leading to a waist reduction of over 8 cm, was found to
be accompanied by a strong decrease of plasma 2-AG
levels and a lesser, although still statistically significant ,
decrease in AEA levels. Importantly, the reduction of
plasma 2-AG, but not AEA, levels correlated with the
reduction in visceral, but not subcutaneous, WAT, with the
decrease in plasma triglyceride and the increase in High-
density lipoprotein (HDL)-cholesterol [38].

Finally, an interesting study was recently carried out to
evaluate EC levels in the subcutaneous adipose tissue
(SAT) of subjects with both obesity (OB) and type 2
diabetes (OBT2D), two conditions characterised by similar
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adiposity and whole body insulin resistance and lower
plasma leptin levels. As compared to normal weight, some
alterations were found in the levels of ECs. In particular,
AEA and its metabolically related congener (OEA and
PEA) levels in the SAT were elevated, while 2-AG levels
were reduced in OBT2D but not to a statistically significant
extent in OB subjects [39]. Overall, all these findings
clearly indicate how diversified the potential role of the
ECS is in the various WAT depots, in particular with
relation to obesity and type 2 diabetes.

1.1.2 BAT

Brown adipose tissue has a unique ability to generate heat
via a non-shivering process for thermoregulation and the
utilization of excess caloric intake. The heat generation is
related to mitochondrial metabolism, which usually produ-
ces the energy-rich storage compound ATP through
respiration, but that, in the BAT, is diverted to heat
production via a higher-than-normal concentration of the
mitochondrial inner membrane protein uncoupling protein-
1 (UCP1) [40]. The exact role of UCP1 in the energy
expenditure of adult humans is a controversial issue,
however it is generally accepted that UCP1 facilitates the
leak of protons from the mitochondrial inter-membrane
space to the matrix, thus uncoupling the proton gradient
from ATP production [41]. The study of human BAT mass
is complicated by the fact that the tissue is somewhat
inactive normally; making it nearly impossible to distin-
guish visually between BAT and WAT. Also, in adult
humans, brown fat is very scarce and brown adipocytes are
dispersed between white adipocytes, the reason for their co-
occurrence being explained by the essential plasticity of the
adipose organ; if needed, the brown component of the
organ can increase at the expense of the white component
and vice versa [42]. In recent years, the participation of the
ECS in the regulation of energy balance, and hence its
possible implication in the modulation of energy expendi-
ture, has prompted the investigation of the role of the ECS
within the BAT. Both physiological and pharmacological
stimuli appear capable of reactivating and trans-
differentiating “dormant” brown fat cells into white
adipocytes [3]; on the other hand, inhibition of the
cannabinoid CB1 receptor may be capable of an eventual
increase in energy expenditure by producing a functional
“trans-differentiation” of white into brown adipocytes.
Direct exposure (both acute and chronic) to the CB1
antagonist/inverse agonist Rimonabant, as well as siRNA-
mediated knock down of CB1, increases uncoupling protein
1 (mitochondrial, proton carrier) (Ucp1) and peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha
(Ppargc1a aka PGC-1) expression, mitochondrial biogen-
esis, as well as AMPK phosphorylation in white adipocytes

[43]. In contrast, treatment of differentiated brown adipo-
cytes with a CB1 agonist decreased Ucp1 expression and
protein product levels in as little as 2 h, without impairing
lipid accumulation or terminal adipocyte differentiation,
suggesting an acute and differentiation-independent nega-
tive effect of cannabinoid signaling on thermogenic UCP1
[19]. In a diet-induced obesity (DIO) model, mice treated
with Rimonabant showed decreased lumbar WAT and BAT
weights and an induction of genes encoding adipocyte-
secreted proteins involved in thermogenesis and mitochon-
drial β-oxidation [26]. According to this study, Rimonabant
reversed the phenotype of obese adipocytes by reversing
DIO-induced gene expression changes in both WAT and
BAT. These modulations contributed to limiting fat energy
storage and, in the BAT, tended to encourage energy
dissipation through mitochondrial heat production [26].
Several other reports have also documented a direct role of
the ECS in the modulation of proteins involved in thermo-
genesis [26, 44]. The effects of Rimonabant on brown
adipose tissue and its implication for energy expenditure
has also been investigated in rats surgically implanted with
biotelemetry devices to measure BAT temperature as a
putative measure of thermogenesis. Physical activity, body
weight, food intake, as well as changes in Ucp1 messenger
RNA (mRNA) and protein were measured as well.
Rimonabant significantly reduced body weight throughout
the entire treatment (showing only a transient decrease in
food intake) and resulted in an increase in UCP1 levels with
a corresponding intense increase in BAT temperature. All
these effects were notably mitigated following denervation,
suggesting that the long-term weight loss observed through
elevation in energy expenditure is largely mediated by the
ECS in the sympathetic nervous system [45]. In full
agreement with this hypothesis, Quarta et al very recently
showed that conditional mutant mice lacking CB1 expres-
sion in central and sympathetic neurons, but not in non-
neuronal peripheral organs, display a lean phenotype and
resistance to diet-induced obesity. This phenotype results
from an increase in lipid oxidation and thermogenesis as a
consequence of an enhanced sympathetic tone and de-
creased energy absorption [46].

1.2 Liver

The liver is a major organ involved in energy homeostasis,
being crucial for the metabolism of carbohydrates, proteins
and fats [47]. Non-alcoholic fatty liver disease (NAFLD) is
a major manifestation of obesity associated metabolic
syndrome leading to insulin resistance within hepatocytes,
having significant negative effects on lipid and glucose
metabolism [48], and ultimately culminating in hepatocel-
lular carcinoma and/or end-stage liver disease-related
mortality [49]. It is believed that the high triglyceride
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levels of steatotic livers, in addition to being a result of the
incorporation of free fatty acids from increased adipocyte
lipolysis, is significantly contributed to by de novo fat
synthesis within the liver itself [50]. Several studies have
detected cannabinoid receptor 1 (Cnr1) transcripts and
protein products in hepatocytes and hepatic stellate cells, as
well as significant levels of AEA and 2-AG, indicating that
a significant basal ECS tone exists within the liver [51].
Increasingly, it is becoming clear that antagonism of CB1
signalling ameliorates hepatic insulin resistance and stea-
tosis, having significant effects on lipid metabolism
regulation [52]. Genetically obese (Zucker fa/fa) rats, and
mice with diet induced hepatic steatosis, treated with the
systemic CB1 antagonist/inverse agonist Rimonabant or the
largely peripheral CB1 antagonist AM6545 show a reversal
of hepatic steatosis and dyslipidemia [53–55], similar to
results observed in mice deficient for global or hepatic
Cnr1 expression, which are resistant to diet- or alcohol-
induced steatosis [11, 56, 57]. Hepatocyte-specific knock
out of Cnr1, whilst not protecting against diet-induced
obesity per se, improved hepatic steatosis, dyslipidemia,
insulin and leptin resistance as compared to wild type mice
when fed a high fat diet, indicating a direct role for the ECS
within the liver [56].

Mice on high sugar and/or high fat diets exhibit
increased hepatic CB1 levels as well as increased hepatic
AEA, but not 2-AG, levels [11, 54], supporting the idea that
conditions which induce hepatic steatosis also increase ECS
tone in the liver. Indeed, hepatic steatosis can also be
induced by alcohol (alcoholic fatty liver), which also
increases liver CB1 levels and stimulates paracrine CB1
signalling in hepatocytes via 2-AG produced in hepatic
stellate cells [57]. Increased Cnr1 expression in this model
is mediated by 2-AG indirectly as it is dependent on
retinoic acid signalling through the activation of Retinoic
Acid Receptor gamma (RARγ), which was found to bind
to, and activate, a 5′ enhancer element of Cnr1 [58].
Interestingly, both alcohol and high fat diets upregulate
RARγ levels and hepatic CB1 levels in a CB1-dependent
manner [54, 58], indicating the possibility that feed-forward
loops may be a common mechanism resulting in increased
ECS tone in response to various hepatosteatotic stimuli.
Interestingly, one of the very early in vitro studies on the
effects of the ECS on hepatic fatty acid metabolism
concluded that AEA inhibited de novo fatty acid synthesis
through its metabolite arachidonic acid [59]. However, diet-
induced obesity results in decreased FAAH activity, but not
expression, in the liver, resulting in increased AEA levels
[11] and presumably concomitantly decreasing the amount
of arachidonic acid. Therefore, steatotic conditions appear
to hyper-activate the ECS in the liver at both the receptor
and ligand levels, which may normally act as a modulator
of fat metabolism through the tight regulation of CB1

activity and AEA conversion to arachidonic acid ratio.
Increased AEA levels within the liver are also likely to be
deleterious as they may stimulate the progression of
NAFLD due to the induction of necroinflammatory
changes. While both 2-AG and AEA result in hepatic
stellate cell death, the susceptibility of hepatocytes to AEA-
induced necrosis is dependent on reduced FAAH activity,
potentially stimulating inflammation and fibrogenesis [60–
62].

The molecular mechanisms by which the ECS modulates
metabolism within hepatocytes remain to be elucidated,
although several studies have shown that they impinge
upon lipogenic and lipolytic pathways. For instance,
hepatic CB1 activation results in increased lipogenesis via
the upregulation of the lipogenic transcription factor sterol
regulatory element binding transcription factor 1 (Srebf1)
and subsequently the expression of key enzymes involved
in lipogenesis (acetyl-Coenzyme A carboxylase alpha
[Acaca, aka Acc1] and fatty acid synthase [Fasn]) [11,
57], whereas CB1 blockade decreased the expression of
these same lipogenic enzymes as well as stearoyl-
Coenzyme A desaturase 1 (Scd1) [55]. Further, like in the
adipose tissue, liver 5′-AMP-activated protein kinase
(AMPK) activity was markedly decreased in rats treated
with THC, presumably through CB1 stimulation [63].
AMPK is utilized in several tissues (both central and
peripheral) as a fuel-level sensor, and in the liver regulates
the expression, as well as enzymatic activity, of several key
factors of lipid metabolism [21, 22]. AMPK activation, for
instance, decreases the expression of Srebf1 and phosphor-
ylates Acaca/ACC1, thus inactivating it and resulting not
only in decreased synthesis, but also in increased mito-
chondrial β-oxidation of fatty acids, the latter due to the
reduction of malonyl CoA, an inhibitor of carnitine
palmitoyltransferase 1a (Cpt1a), which is critical for the
introduction of fatty acids into the mitochondria [21, 22].
Consistent with the above, hepatic Cnr1 knock-out resulted
in increased hepatic AMPK phosphorylation and subse-
quently increased Cpt1a levels and activity [56, 57],
perhaps in part through inhibition of Acaca activity. In
support of this, Rimonabant treatment significantly de-
creased the levels of manonyl CoA in the livers of mice on
a high sugar, high fat diet [54]. This increase in Cpt1a
activity in turn provides a plausible explanation for the
observed increase in liver mitochondrial oxygen consump-
tion and β-oxidation of Rimonabant-treated mice [64].
Accordingly, CB1 pharmacological activation was very
recently associated with reduced AMPK phosphorylation
and endothelial nitric oxide synthase (eNOS) expression
resulting in increased p38 phosphorylation [24] in the livers
(as well as fat and muscles) of mice on a high fat, but not
regular chow diet [24]. This decrease, in turn, led to
reduced mitochondrial biogenesis. It must be noted,
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however, that through the increase of adiponectin expres-
sion in adipocytes (see Section “1.1.1”) [15], Rimonabant
may also activate hepatic AMPK to increase fatty acid entry
into mitochondria and subsequently β-oxidation [65].

Finally, a role in high fat-induced hepatosteatosis was
recently suggested also for CB2 receptors. An early report
had indicated that these receptors are over-expressed in the
livers of patients with NAFLD [66]. More recently, it was
shown that in the liver of obese mice, Cnr2 mRNA was
weakly induced, and that high fat diet—induced hepatic
steatosis was enhanced in WT mice treated with JWH-133,
a selective CB2 agonist, and blunted in Cnr2−/− mice [67].
Finally, De Gottardi and colleagues found that both CB1
and CB2-selective agonists can induce lipogenesis in
immortalized human hepatocytes in vitro [68]. In particular,
CB1 and CB2 agonists increased the degree of steatosis of
oleic acid-treated fatty he patocytes, and the CB2 agonist
increased the expression of CB1 receptors. CPT-1 was
significantly overexpressed and SREBP-1c (aka SREBF1),
FAS and lecithin cholesterol acyltransferase (LCAT) were
downregulated in fatty immortalized human hepatocytes.
Treatment with the CB agonists ACEA and AM1241
partially reversed these changes, except for SREBP-1c.
Finally, CB2, but not CB1, agonism decreased the
expression of apolipoprotein B [68].

1.3 Muscle

Muscle is a contractile tissue which is key to energy
homeostasis due to the large amounts of energy it requires
to perform its many functions. This energy is derived from
the metabolism of fats and carbohydrates; as such, muscle
is a major site of action for insulin, which regulates the
entry of glucose into cells, and impairment of glucose
uptake as well as glucose transport, and of the subsequent
glucose oxidation and/or glycogen synthesis in muscles, is
a major determinant of the severity of type 2 diabetes
mellitus [69]. Recently several research groups have
confirmed the expression of CB receptors as well as other
components of the ECS at both the nucleotide and protein
level in a variety of human and rodent muscle cells [70–
77]. Similar to results obtained in the liver, mice on a high
fat diet show increased levels of Cnr1 expression in soleus
muscle tissue [78]. Furthermore, the soleus muscle from
DIO-mice exhibited levels of 2-AG that were significantly
elevated as compared to that of mice fed a normal chow,
although the extent of this effect depended on the type of
the high fat diet used and on its duration [79]. Conversely,
skeletal muscle obtained from rats fed a high fat diet had
decreased levels of EC receptors and the 2-AG biosynthetic
enzyme diacylglycerol lipase, alpha (DAGLα) and in-
creased levels of the 2-AG degrading enzyme monoglycer-
ide lipase (MGLL aka MAGL) [77], whereas genetically

obese (fa/fa) Zucker rats showed decreased CB1 levels in
soleus and myocardial tissue [80]. Finally, human primary
skeletal muscle myotubes collected from lean and obese
subjects showed no differences in Cnr1 gene expression
[70]. Further investigations into the apparent species-, diet-
and age-dependent effects of obesity on ECS tone in the
skeletal muscle are clearly warranted in light of these
apparently contradictory results.

Studies performed in vitro with myotubes from lean and
obese donors indicate that the ECS has a profound effect on
muscle oxidative pathways [70]. CB1 stimulation with
AEA had induced a trend to decrease AMPKa1 levels in
both lean and obese myotubes (although this did not reach
statistical significance, possibly due to the existence of a
high ECS tone), while CB1 blockade resulted in a marked
increase of AMPKa1 expression, similar to results obtained
in liver and adipose tissue (see above), supporting a
negative role for the ECS in muscle fatty acid oxidation
[63, 70]. Interestingly, in the same study, treatment of lean
myotubes with AEA resulted in a increase in the expression
of PPARGC1A and its downstream target pyruvate dehy-
drogenase kinase, isoenzyme 4 (PDK4), a negative regula-
tor or glucose metabolism, while CB1 antagonism in the
same myotubes decreased the expression of these genes,
hinting that ECS signalling in myotubes might inhibit
glucose uptake and metabolism. However, the authors
could not repeat these results in other experimental systems.
Most recently CB1 activation has been shown to decrease
mitochondrial biogenesis in skeletal muscle (as well as in
liver and WAT, see above), indicating that the ECS not only
regulates mitochondrial activity, but levels as well [24]. The
implications that these data have for the role of the ECS in
the development of diabetes is significant, as defective
mitochondrial oxidative phosphorylation in the skeletal
muscle has been associated with insulin resistance [69].

Support for the role of the ECS in modulating glucose
transport into muscle cells is rapidly increasing. An early
study utilizing isolated soleus muscle from ob/ob Leptin
mutant mice treated with Rimonabant showed significant
increases in skeletal muscle glucose uptake [81]. This study
however did not provide evidence for a direct role of the
ECS in skeletal muscle. Indeed the effects of Rimonabant
could have been explained by the fact that CB1 signalling
decreases adiponectin and increases visfatin production in
adipocytes, leading to insulin-insensitivity and decreased
muscular glucose uptake [19]. Further, it was reported that
Rimonabant-mediated induction of glucose-uptake in a
variety of muscle cells in treated mice was connected to
its anorexigenic effect, as similar results were obtained
from pair fed animals [25]. Recently however, examination
of the role of the ECS in modulating glucose uptake by the
skeletal muscle has provided evidence for a direct action of
endocannabinoids in this tissue and has led to a greater
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understanding of the molecular mechanisms involved.
Isolated rat soleus muscle explants from both lean,
insulin-sensitive (Fa/-) and obese, insulin-insensitive (fa/
fa) Zucker rats similary react to Rimonabant treatment; both
exhibited increased glucose uptake in the absence or
presence of insulin, while hypoxia-dependent glucose
import was not affected, showing specificity of the ECS
to modulate the insulin-mediated glucose uptake pathway
[80]. Conversely, AEA treatment of soleus muscle from
lean rats resulted in marked decreases in both basal and
insulin-induced glucose uptake [80]. The authors however,
were unable to detect any differences in the phosphoryla-
tion/activation levels of several components of the insulin
signalling pathway in response to either CB1 stimulation or
antagonism. Utilizing rat myotubes in vitro, Esposito et al.
showed that direct CB1 inhibition with Rimonabant at low
concentrations, or Cnr1 knock-down, increased glucose
uptake without affecting the expression levels of the
glucose transporters GLUT1 or GLUT4 [72]. Rimonabant
treatment resulted in protein synthesis-independent induc-
tion of both the catalytic and regulatory subunits of PI3K,
which was dependent on increased cAMP-dependent PKB/
Akt activity, as blockade of either PI3K or PKA activity
inhibited the Rimonabant-mediated increase in glucose
uptake. Interestingly, high Rimonabant concentrations
decreased glucose uptake, which may be due either to
Rimonabant acting as a CB1 partial agonist on L6
myotubes or to the fact that high concentrations of this
compound induced CB1 expression. On the other hand,
CB2 blockade had no effect on glucose uptake [72].
However, Cnr2−/− (CB2 knockout) mice have recently
been demonstrated not to develop DIO insulin resistance
and to have increased insulin-mediated glucose uptake,
indicating that CB2 also plays an important role in skeletal
muscle glucose metabolism [18]. In another in vitro study,
chronic (24 h), but not acute (30 min), Rimonabant
treatment of L6 rat myotubes sensitized both PKB/Akt
and extracellular signal-regulated kinases (ERK1/2 aka
MAPK3/1) to insulin-dependent activation resulting in
increased phosphorylation of the PKB/Akt targets forkhead
box O3A (Foxo3a) and glycogen synthase kinase 3 alpha/
beta (GSK3α/β). Rimonabant, however, did not affect
basal phosphorylation levels of these proteins [75]. In-
creased PKB/Akt phosphorylation was determined to be not
the result of enhanced kinase activity but rather of a delay
in PKB/Akt dephosphorylation, presumably due to the
inhibition of a phosphatase [75]. CB1 stimulation of L6
myotubes in the same study, whilst inhibiting insulin-
dependend activation of the MEK1/2-ERK1/2-CREB path-
way, had no affect on PKB/Akt activation. However, in a
study by Eckardt et al., utilizing primary human skeletal
muscle cells, AEA at high concentrations (10 μM) was able
to induce ERK1/2, p38 and insulin receptor substrate 1

(IRS1[S307]) phosphorylation (which is inhibitory to
insulin signalling), as well as inhibit insulin-dependent
PKB/Akt phosphorylation and glucose uptake [73, 82].
Surprisingly, however, AEA was also able to induce basal
glucose uptake on its own, perhaps due to AMPK
activation, though this phenomenon was left unstudied,
thus underscoring the void that still exists in our under-
standing of the role the ECS plays in modulating glucose
uptake in muscle cells [73]. Perhaps the seminal finding in
the work by Eckardt et al. was that conditioned media from
adipocytes in culture inhibited insulin-dependent Akt
phosphorylation and glucose uptake in skeletal muscle
cells in a CB1-dependent manner [73]. This finding is
supportive of the idea that skeletal muscle insulin resistance
is at least in part due to adipocyte-derived factors, including
endocannabinoids. However, clearly more detailed analysis
of the effects of the ECS on skeletal muscle energy
metabolism and glucose transport is required. For example,
it is still not understood exactly how CB1 signalling
changes glucose transport into skeletal muscle cells, and it
is noticeable that none of the studies mentioned above
found any changes in the expression of the glucose
transporters GLUT1 or 4. Given the noted effects that the
ECS has on posttranslational regulation of proteins in the
insulin signalling pathway, it is possible that CB1 alters
GLUT activity and/or translocation to the cell membrane,
although possibly in a way opposite to that observed in the
adipose tissue [10]. It is also possible that, in view of the
thrifty phenotype that has been suggested to be associated
with the ECS [83], CB1 activation, although capable of
inhibiting insulin signalling, might be even more important
at reducing glucose uptake following physical exercise,
which is controlled by AMPK rather than insulin. In this
sense, it would be important to investigate the function and
dysregulation of endocannabinoids and CB1 receptors
during or following acute and prolonged physical exercise,
which might also provide some insights into the possible
role of the ECS in skeletal muscle regeneration.

1.4 Conclusions

The ECS appears to be involved in most aspects of energy
homeostasis. Its important functions in stimulating maximal
food intake following a period of food deprivation, through
both homeostatic and hedonic pathways, and in controlling
nutrient processing, have been covered in other reviews
[84, 85] and were not discussed here. Together with the
studies mentioned in our article, they suggest for this
system of local mediators, which is normally under the
control of both systemic and local signals, a general
strategy aimed at maximizing nutrient intake and absorp-
tion, optimizing energy storage and reducing energy
expenditure. This is likely an evolutionary adaptation in
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mammals as a response to periods of food deprivation,
ensuring that they made the most of their occasional
“meal”. In the present time of food abundance, and of little
effort to procure it (at least for most of the western
population), the ECS, however, seems to become easily
deranged, thus possibly contributing to the “diabesity”
epidemic. Early efforts to counteract, through pharmaco-
logical treatment with CB1 receptor antagonists like
Rimonabant, endocannabinoid tone over-activity in obesity
were successful in clinical trials, but not devoid of
worrisome, when not serious, central averse events when
translated into daily clinical practice, and therefore had to
be interrupted [86]. Nevertheless, other strategies to curb
endocannabinoid tone in obesity and type 2 diabetes are
becoming available. First of all, exercise and caloric
restriction, that is the oldest and, unfortunately, still very
difficult to comply with, strategy to fight obesity, seems to
be accompanied by a strong reduction in endocannabinoid
levels [38]. However, other possibly “easier” dietary
approaches are emerging, such as the use of certain sources
of dietary omega-3 fatty acids, which, at least in animals,
reduce insulin resistance, hepatosteatosis and systemic
inflammation partly by inhibiting the biosynthesis of
endocannabinoids via reduction of their ultimate biosyn-
thetic precursors [87]. Finally, a strong effort, based also on
the recent reports reviewed in this article, is being made to
develop peripherally restricted (i.e. relatively blood–brain-
barrier impermeable) CB1 receptor antagonists/inverse
agonists. These compounds seem to be devoid of the
unwanted central side effects of the first generation of
compounds, but are still capable of strongly reducing
dyslipidemia, liver fat accumulation and insulin resistance,
which are partly independent of body weight loss, at least
in animal models of obesity [55, 88, 89]. These compounds
now await the challenge of appropriate clinical trials,
which, however, rather than being performed on globally
obese, and otherwise healthy, individuals, should focus
mainly on abdominally obese patients with metabolic co-
morbidities [86]. Such studies will tell us if these strategies
will also work in the clinic, thus at last efficaciously and
safely translating into new treatments what so far has been a
very exciting, challenging, and as yet not fully clarified
item for basic research on metabolism.
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