
Endocannabinoids and cannabinoid receptors have

been known for years as key players in the control of food

intake [1-4]. Other regulatory components are neuropep-

tide Y (NPY), ghrelin, cholecystokinin (CCK), orexins,

agouti-related peptide (AGRP), melanin-concentrating

hormone (MCH), leptin, insulin, proopiomelanocortin

(POMC), and CART (cocaine- and amphetamine-regu-

lated transcript) [5-7]. All the experimental data obtained

so far indicate that occupancy of the G-protein-coupled

cannabinoid type 1 receptor (CB1R) in the lateral hypo-

thalamic area by endogenous ligands (endocannabinoids)

may lead to the hyperactivation of the downstream endo-

cannabinoid system. In combination with other orexi-

genic signals [8], this stimulates food intake, possibly

contributing to overeating and obesity. The existence of

this mechanism in rodents and humans is supported by

the effects of synthetic CB1R selective antagonist rimon-

abant, which reduces the endocannabinoid-induced

hyperphagic effect, food intake, and body weight gain

when administered in diet-induced obese mice [9] and

obese patients [10]. The dependence of the food intake

control by endocannabinoids and rimonabant on the

CB1R signaling has been proven by the facts that CB1R
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Abstract—Recent pharmacological findings regarding rimonabant, an anorectic and cannabinoid type 1 receptor (CB1R)

antagonist, strongly suggest that some of its effects on the metabolic parameters and energy balance in rats are not related

to the centrally mediated reduction in caloric intake. Instead, they may be associated with acute induction of glycogenoly-

sis in the liver, in combination with transient increase in glucose oxidation and persistent increase in fat oxidation. It is pos-

sible that rimonabant produced direct short- or long-term stimulatory effect on these processes in primary and cultured rat

cells. Rimonabant slightly stimulated β-oxidation of long-chain fatty acids in cultured rat myocytes overexpressing glucose

transporter isoform 4, as well as activated phosphorylation of adenosine monophosphate-dependent protein kinase

(AMPK) in primary rat hepatocytes upon long-term incubation. However, short-term action of rimonabant failed to stim-

ulate β-oxidation in myocytes, myotubes, and hepatocytes, as well as to upregulate AMPK phosphorylation, glycogenoly-

sis, and cAMP levels in hepatocytes. As a consequence, the acute effects of rimonabant on hepatic glycogen content (reduc-

tion) and total energy expenditure (increase) in rats fed with a standard diet cannot be explained by direct stimulation of

glycogenolysis and fatty acid oxidation in muscles and liver. Rather, these effects seem to be centrally mediated.
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knockout mice are lean, resistant to the diet-induced

obesity [11], and do not respond to rimonabant in combi-

nation with significantly reduced food intake when fed a

high-fat diet [2, 12, 13].

In contrast to the apparently centrally and CB1R-

mediated reduction in the food intake, which has been

shown to be more pronounced in animals under re-fed

conditions after temporary food deprivation than in ani-

mals with free access to food [2, 12, 13], the mechanism(s)

involved in the body weight loss in response to rimonabant

seem to be less clear. Recent observations have raised

doubts as to whether transient reduction in the food

intake provoked by rimonabant as an antagonist of hypo-

thalamic CB1R is the only factor responsible for the sus-

tained body weight loss. In fact, chip analysis of genes

regulated at the transcriptional level by rimonabant in

adipose tissues of diet-induced obese mice (mouse model

of human obesity) [14], as well as pharmacological char-

acterization of Wistar rats on a standard diet upon acute

rimonabant challenge (unpublished data), strongly sug-

gest that additional mechanisms contribute to the long-

term anti-obesity effect of rimonabant. These putative

mechanisms may be associated with the improvements in

the metabolic parameters secondary to the reduced food

intake, as exemplified by the decreased serum content of

triglycerides and HDL-cholesterol in rimonabant-treated

obese patients, which cannot be accounted for by the

extent of weight loss alone [10]. Furthermore, as rimona-

bant-treated animals loose body weight more extensively

than pair-fed controls [15], mechanisms causally unrelat-

ed to food intake seem to operate as well, which could

include stimulation of energy expenditure in muscle and

liver tissues during β-oxidation of fatty acids (FAs)

released from the adipose tissue and/or oxidation of glu-

cose released from the liver. This hypothesis is supported

by the recent findings that (i) many alterations in gene

expression induced by obesity in white and brown adipose

tissues of obese mice and reversed by rimonabant treat-

ment involve genes for proteins participating in β-oxida-

tion, TCA cycle, and futile substrate cycling [14]; (ii) a

single administration of rimonabant to Wistar rats leads to

acute elevation in the serum levels of free fatty acids

(FFAs), loss of liver glycogen and lipids, and increase in

the total energy expenditure based on transient stimula-

tion of glucose oxidation and persistent stimulation of FA

oxidation (unpublished data).

Here, we studied if rimonabant can directly affect

peripheral target cells involved in the regulation of energy

expenditure, as well as glycogenolysis and FA oxidation in

cultured muscle and primary liver cells.

MATERIALS AND METHODS

Rat L6 muscle cell cultures. L6 myocytes and

L6(Glut4) myocytes stably expressing myc-tagged

GLUT4myc (L6-GLUT4myc cells) were acquired from

Dr. Amira Klip (Program in Cell Biology, The Hospital

for Sick Children, Toronto, ON, Canada M5G 1X8). L6

myocytes were cultured in 24-well plates in α-MEM con-

taining 2% (v/v) fetal bovine serum (FBS) and 1% (v/v)

antimycotic/antibiotic solution (100 units/ml penicillin,

100 µg/ml streptomycin, 250 ng/ml amphotericin B) at

37°C in 5% CO2 and then differentiated into L6 myotubes

over 7 days using the same medium. Myotube cultures

contained less than 20% mononucleated cells.

Rat primary hepatocyte cultures. Hepatocytes were

isolated from adult male Sprague–Dawley rats

(Moellgaard, Lille, Skensved, Denmark; fed ad libitum)

according to the standard two-step perfusion protocol

using Ca2+-free medium and collagenase, as described

earlier [16]. Non-viable cells were removed by iso-densi-

ty Percoll centrifugation [17]. Cell viability (>95%) in the

final hepatocyte preparation was assessed using Trypan

blue. 

Fatty acid oxidation. The rate of cellular β-oxidation

of [9,10(n)-3H]palmitic acid was measured from 3H2O

release [18]. Primary hepatocytes: the cells were seeded in

24-well plates (200,000 cells/well). After attachment, the

cells were incubated overnight in 5 mM glucose and

10 nM dexamethasone. The cells were then washed once

with phosphate buffered saline (PBS) and subsequently

incubated in the presence of DMEM, 5 µM (0.4 µCi)

[3H]palmitic acid, 0.02% BSA, 500 µM L-carnitine,

0.1% (v/v) DMSO in the presence or absence of glucose

(25 mM), rimonabant, and soraphen, as indicated.

Cultured myocytes: the cells were serum-starved for 5 h,

washed with Earl’s balanced salt solution (EBSS;

130 mM NaCl, 26 mM NaHCO3, 5 mM KCl, 1.8 mM

CaCl2, 1 mM NaH2PO4, 0.8 mM MgSO4, pH 7.4), and

then sequentially incubated (30 min, 37°C) with EBSS

containing 5 mM glucose, 2% BSA and with EBSS con-

taining 0.1 mM palmitate (dissolved in ethanol at 10 mM

and diluted with EBSS containing 2% BSA) and rimona-

bant, as indicated. β-Oxidation was initiated by adding

0.5 µCi [3H]palmitate to the incubation medium. After

incubation for 4 h at 37°C, aliquots of cell supernatants

were loaded onto Sep-Pak cartridges (Waters, Germany)

and unbound radioactivity was measured by liquid scintil-

lation counting.

First, we evaluated the parameters of [9,10(n)-
3H]palmitate oxidation assay to maximize the activity in

the control (in the absence of rimonabant) and the reso-

lution of the rimonabant effect on FA oxidation. The sen-

sitivity of the assay was found to depend on four major

variables: substrate concentration, cell density, BSA con-

centration, and incubation time. Although the concen-

trations of [3H]palmitate employed routinely (5 and

100 µM, respectively) were not fully saturating, less than

0.2% of the substrate was converted to 3H2O by the con-

trol cells; therefore, the concentration of [3H]palmitate

remained virtually constant throughout the incubation
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period. 3H2O production was linear up to 80 µg of cell

protein per well, at which point the response leveled off.

All experiments reported here were performed at the cell

protein concentration from 20 to 60 µg/well. Initially,

[3H]palmitate oxidation was assayed in a variety of media

including MEM and Hank’s balanced salt solution

(HBSS) supplemented with FBS and/or varying concen-

trations of BSA. The optimal activity was observed with

HBSS containing 0.02 and 2% fatty acid-free BSA,

respectively. Although the activity increased linearly from

1 to 4 h of incubation, the experiments were performed

within a more convenient period of 2 h.

Glucose release and glycogen content. Primary hepa-

tocytes were seeded into 96-well plates (30,000

cells/well). After attachment, the cells were incubated

overnight in William’s E-medium, then supplemented

with 25 mM glucose and 100 nM insulin to accumulate

glycogen. The cells were washed three times with pre-

warmed, oxygen-saturated KHH solution (20 mM

HEPES, 115 mM NaCl, 4.5 mM KCl, 4.5 mM CaCl2,

1.1 mM KH2PO4, 1.1 mM MgSO4, pH 7.4), and subse-

quently incubated (30 min, 37°C) in a final volume of

100 µl of KHH containing 1% DMSO with either rimon-

abant or WIN55.212-2, as indicated. Where indicated,

glycogenolysis was initiated by adding 10 µl glucagon

(final concentration 100 nM). Glucose released into the

medium was determined with an Amplex Red Glucose

Assay Kit (Molecular Probes, USA) according to the

manufacturer’s instructions. To assess glycogen accumu-

lation, primary hepatocytes were seeded into 6-well plates

(1,500,000 cells/well). The cells were incubated overnight

in William’s E-medium and then supplemented with

25 mM glucose and 100 nM insulin in the presence or

absence of rimonabant as indicated. The cells were then

washed twice and lysed in 200 µl of 100 mM NaOH.

Glycogen was isolated and analyzed as described previ-

ously [19].

Adenosine monophosphate-dependent protein kinase

(AMPK) phosphorylation. Primary hepatocytes were

incubated overnight in 5 mM glucose, 10 nM dexametha-

sone. The cells were washed once with PBS and subse-

quently incubated in the presence or absence of rimona-

bant and AICAR (5-aminoimidazole-4-carboxamide

ribonucleotide). After 90 min, the cells were lysed in

buffer B [50 mM Tris-HCl, pH 7.5, 0.1% (w/v) Triton X-

100, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 10 mM

sodium β-glycerophosphate, 1 mM Na3VO4, 5 mM

NaPPi, 1 mM dithiothreitol and protease inhibitor tablets

(Roche, Germany)], and cell debris was removed by cen-

trifugation. Protein aliquots (20 µg) were fractionated by

SDS-PAGE (4-12%) and transferred onto a PVDF mem-

brane. The blot was incubated with the antibody against

phosphoSer108-AMPKβ1 (Cell Signaling, USA). After

washing, the blot was incubated (1 h) with peroxidase-

conjugated anti-rabbit IgG. Detection was performed

with LumiLIGHT (Roche).

Intracellular cAMP levels. Primary hepatocytes were

seeded into 96-well plates (30,000 cells/well) and incu-

bated overnight in William’s E-medium supplemented

with 25 mM glucose and 100 nM insulin. Subsequently,

the cells were incubated (30 min) in KHH supplemented

with 1 mM IBMX in the presence or absence of glucagon,

rimonabant, and CP55.940, as indicated. cAMP levels

were determined using a HitHunter EFC cAMP chemi-

luminescence assay kit (Applied Biosystems, USA)

according to the manufacturer’s instructions.

Miscellaneous. Rimonabant [9] was synthesized as

described previously. Protein concentration was deter-

mined by the BCA method (Pierce, USA) with BSA as a

calibration standard. SDS-PAGE (Novex 4-12%, Tris-

glycine precast gels with (morpholino)propanesulfonic

acid-SDS running buffer), immunoblotting, and subse-

quent enhanced chemiluminescent detection (ECL;

Amersham-Buchler, Germany) and quantitative evalua-

tion of the obtained images (Lumiimager and software

from Roche) were carried out as reported earlier [20]

unless indicated otherwise. Concentration response

curves were fitted using the GraphPad Prism 4.03 soft-

ware.

RESULTS

Rimonabant does not induce short-term activation of

b-oxidation in cultured muscle and primary liver cells. In

addition to the demonstrated rapid increase of FFA levels

in the serum of Wistar rats after acute rimonabant admin-

istration, we also found by performing indirect calorime-

try measurements that rimonabant causes a long-lasting

increase in lipid oxidation and an acute decrease in

hepatic lipid levels (unpublished data). To elucidate a

putative direct effect of rimonabant on β-oxidation in the

main oxidative tissues, muscle and liver, which could be

fueled by FFA released from the adipose tissue in

response to rimonabant, cultured rat myocytes and

myotubes and primary rat hepatocytes were used. We

found that short-term treatment of cultured L6 myocytes,

L6 myotubes differentiated in vitro (and exhibiting higher

β-oxidation rates) (Fig. 1), and primary rat hepatocytes

(Fig. 2) with rimonabant did not significantly affect β-

oxidation of exogenously added [3H]palmitate in these

cells. As a control, palmitate oxidation was strongly stim-

ulated in hepatocytes by both omission of glucose from

the culture medium and addition of the acetyl-CoA car-

boxylase (ACC) inhibitor soraphen.

AMPK is one of the key regulators of FA oxidation

and energy expenditure [21]. When phosphorylated and

activated in response to the reduction in the cellular

energy status, AMPK inactivates ACC and thereby stim-

ulates FA oxidation. Short-term incubation with rimon-

abant failed to significantly induce AMPK phosphoryla-

tion in primary hepatocytes, whereas AICAR, a pharma-
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cological activator of AMPK, caused strong increase in

AMPK phosphorylation (Fig. 3a). Moreover, administra-

tion of CB1R agonists in rats produced no effect on the

AMPK activity in skeletal muscle [22], which is consis-

tent with the lack of short-term activation of FA oxida-

tion in peripheral cells by rimonabant (Fig. 1). Overall,

these data suggest that rimonabant does not directly and

acutely affect metabolic and regulatory enzymes involved

in β-oxidation of long-chain FAs in muscle and liver

cells. In contrast, long-term (20 h) incubation of L6

myocytes overexpressing Glut4 with 0.3-1 µM rimona-

bant moderately (1.5-fold) stimulated FA oxidation

above the basal level, and this effect was completely abro-

gated by the excess of CB1R agonist (Fig. 1). Incubation

with rimonabant for more than 90 min led to a slight

increase in the AMPK phosphorylation in hepatocytes

(Fig. 3b), while the stimulatory effect of AICAR on both

β-oxidation and the amount of phosphorylated AMPK

was already detectable at 30 min (Fig. 3b and data not

shown).

To demonstrate the validity of the used method, we

compared phosphorylation of ACC (at Thr72) as the

downstream key regulatory enzyme for FA oxidation vs.

phosphorylation of the upstream AMPK β1 subunit in a set

of immunoblotting experiments. This comparison revealed

only non-significant differences in the extent (folds) of

stimulation of phosphorylation of AMPK β1 and ACC by

rimonabant and AICAR, as well as a very moderate delay

in the time courses of ACC vs. AMPK phosphorylation

(data not shown). Therefore, phosphorylation of the

AMPK β1 subunit can be used as a reliable surrogate

marker for AMPK activation. Thus, the phosphorylation

analysis of both AMPK and ACC unequivocally showed

that rimonabant fails to induce AMPK activation as a

molecular mechanism of upregulation of FA oxidation.

Rimonabant does not activate glycogenolysis by in pri-

mary liver cells. Administration of rimonabant acutely

decreases the content of hepatic glycogen in Wistar rats

(unpublished data). To investigate whether this decrease

represents a direct effect on hepatic metabolism, the

a b

c

Fig. 1. Effect of rimonabant on β-oxidation in myocytes. Serum-starved cultured L6 myocytes (a), differentiated L6 myotubes (b), and L6

myocytes expressing Glut4 (c) were incubated at 37°C for various times in EBSS containing glucose and BSA and then in EBSS containing

palmitate and BSA in the absence or presence of increasing concentrations of rimonabant. L6[Glut4] myocytes were incubated in the pres-

ence or absence of 10 µM CP55.940 as indicated. After addition of [3H]palmitate, the reaction mixture was incubated for 4 h. β-Oxidation

was measured as 3H2O release (see “Materials and Methods”). The data are shown as mean ± S.D (each incubation was performed in tripli-

cate; all measurements were performed in duplicate). The value of 5000 dpm for the water-soluble β-oxidation products under the assay con-

ditions corresponded to the formation of 1149 pmol 3H2O/h per mg protein from [9,10(n)-3H]palmitate.

-             +
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influence of rimonabant on glucose release from endoge-

nous glycogen stores was studied using glycogen-loaded

primary rat hepatocytes (Fig. 4). Glucagon increased glu-

cose release from these cells approximately 2-fold.

AVE5688, an inhibitor of glycogen phosphorylase,

blocked the effect of glucagon, thereby demonstrating

that the increased glucose release was due to the stimula-

tion of glycogen degradation. The CB1R agonist

WIN55.212-2 had no effect on the glucagon-stimulated

glucose-release. Rimonabant at concentrations up to

3 µM did not significantly increase the basal glucose

release. This is in agreement with the measurements of

glycogen content in primary hepatocyte cultures after

addition of rimonabant, since this content was not signif-

icantly altered after incubation for 16 h in the presence of

glucose and insulin (Fig. 5).

Overall, these data suggest that rimonabant does not

exert direct effects on hepatic glycogen metabolism. This

notion is further supported by measurements of the intra-

cellular cAMP levels. cAMP mediates stimulation of

glycogenolysis by glucagon. As expected, glucagon

strongly increased intracellular cAMP levels in primary

hepatocytes in a concentration-dependent manner, as

measured in the presence of the phosphodiesterase

Fig. 2. Effect of rimonabant on β-oxidation in hepatocytes. The

cells were incubated for 4 h with [3H]palmitic acid in the presence

or absence of rimonabant or soraphen at the indicated glucose

concentrations. β-Oxidation was measured as 3H2O release; * p <

0.05. Data are shown as mean ± S.D. (n = 3). The value of

1000 dpm for the water-soluble β-oxidation products under the

assay conditions corresponded to the oxidation of 127 pmol of

[9,10(n)-3H]palmitate/well per hour.

Fig. 3. Effect of rimonabant on AMPK phosphorylation in hepatocytes. The cells were incubated: (a) for 90 min in the absence (C) or pres-

ence of 1 µM rimonabant (R) or 0.5 mM AICAR (A) or (b) for the increasing periods of time in the presence of 3 µM rimonabant (R) or

0.5 mM AICAR (A). Aliquots containing 20 µg cell lysate protein were separated by SDS-PAGE and analyzed for Ser108-phosphorylated

AMPKβ1 or AMPKα by immunoblotting. The experiments were repeated four times with different incubation times and different batches of

cultured (and differentiated) cells. Immunoblotting for Ser108-phosphorylated AMPKβ1 or AMPKα was performed in duplicate.

Representative immunoblots are shown. Quantitative evaluations of the extent of AMPKβ1 phosphorylation stimulation vs. control (C)

(a) and increase in the AMPKβ phosphorylation (set at 1 for 0 min) vs. incubation time point 0 (b) are shown (n = 5; mean ± S.D.; * p ≤ 0.05).

a

b
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inhibitor IBMX (Fig. 6a). The CB1R agonist CP55.940

failed to affect cAMP levels either alone or in a combina-

tion with glucagon. Rimonabant at concentrations up to

3 µM, either alone or in combination with CP55.940, had

no significant effect on the cAMP content in the control

cells, i.e., in the absence of glucagon (Fig. 6b). These data

suggest that rimonabant does not act directly on primary

rat hepatocytes via the cAMP second messenger system.

DISCUSSION

Here, we investigated the mechanisms underlying

acute and subacute stimulatory effects of rimonabant on

glycogenolysis in Wistar rats that were manifested as

reduction of the hepatic glycogen content, upregulation

of glucose and FA oxidation, and increased energy expen-

diture (unpublished data). In particular, we studied

whether rimonabant exerts direct effects on cultured

muscle cells and primary rat hepatocytes. Direct stimula-

tion of lipolysis in isolated rat adipocytes [23] and the

absence of stimulation of basal FA oxidation (and AMPK

phosphorylation; Fig. 3) in cultured rat myocytes and

myotubes (Fig. 1) and primary hepatocytes (Fig. 2) in

response to the short-term action of rimonabant suggest

that the rimonabant-induced direct release of FAs from

the adipose tissue into the circulation in vivo drives FA

oxidation in the muscle and liver tissues by the substrate

flux alone. This combination of direct and indirect

peripheral effects would be compatible with the acute and

subacute effects of rimonabant on lipid metabolism in

Wistar rats (unpublished data). Independently of indirect

acute stimulation of FA oxidation in vivo, rimonabant

seems to exert direct CB1R-dependent effect on the

upregulation of β-oxidation of slow-onset (Fig. 1), which

may be mediated through the AMPK activation (Fig. 3).

Interestingly, previous analysis of gene expression in

obese mice on a high-fat diet treated with rimonabant

(10 mg/kg) daily for 40 days revealed induction of FA

oxidation enzymes, as well as a 2-fold increase in Glut4

levels in white and brown adipose tissues compared to the

vehicle-treated mice [14]. These data argue that rimona-

bant modulates expression of FA metabolism genes via

CB1R. However, since stimulation of FA oxidation was

not observed in L6 myocytes and myotubes not overex-

pressing Glut4, as well as required incubation for more

than 5 h, the direct CB1R-mediated effect of rimonabant

on muscle tissue upon single administration to rats is

unlikely to explain the observed acute activation of FA

oxidation. Hence, the primary site of rimonabant’s acute

stimulatory action on FA oxidation and energy expendi-

ture in vivo does not seem to be located in peripheral tis-

sues.

Remarkably, no direct stimulation of basal

glycogenolysis by rimonabant was observed in primary

hepatocytes, as judged from the release of glucose into the

incubation medium (Fig. 4), glycogen content (Fig. 5),

and basal cAMP production (Fig. 6b), although it is well

known that glycogenolysis in hepatocytes is regulated by

Fig. 4. Effect of rimonabant on glucose release in hepatocytes.

Glucose release was determined after incubation of the cells in the

absence (control) or presence of glucagon (see “Materials and

Methods”), AVE5688 (Sanofi-Aventis, Germany), WIN55.212-2

(Tocris, UK), or rimonabant, as indicated; * p ≤ 0.05.

Fig. 5. Effect of rimonabant on glycogen content in hepatocytes.

Glycogen content was determined after overnight incubation in

the medium supplemented with 25 mM glucose and 100 nM

insulin in the presence or absence of rimonabant (see “Materials

and Methods”). Data are shown as mean ± S.D. (n = 3).
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cAMP, similarly to lipolysis in adipocytes. The failure to

detect CB1R-dependent glycogenolytic activity of

rimonabant may be explained by lower expression or less

efficient coupling of CB1R to the downstream effectors in

liver vs. adipose cells. Expression of CB1R has been

demonstrated so far in primary rat hepatocytes [24] and

mouse and rat adipocytes [25], but it appears to be highly

dependent on the age of donor animals. Alternatively, the

ability of the anticipated occupancy of CB1R by endo-

cannabinoids (which compete with rimonabant) to stim-

ulate glycogenolysis and lipolysis is less pronounced or

even absent in primary hepatocytes vs. adipocytes. The

only direct effect of rimonabant on hepatocytes reported

so far is the inhibition of basal and CB1R agonist-stimu-

lated FA synthesis [24]. This may correspond to subtle

changes in AMPK and/or protein kinase A (PKA) signal-

ing with greater sensitivity compared to the FA oxidation

or rely on different signaling cascades engaged by the

hepatic CB1R, but not coupled to the FA oxidation. In

any case, the described acute and subacute effects of

rimonabant on glucose and FA oxidation in rats resulting

in the observed acute elevation of the energy expenditure

(unpublished data) seem to be the result of its central

CB1R-mediated action or be secondary to the increased

lipolysis and glycogenolysis driven by the substrate flux.

The situation may become different upon long-term

treatment with rimonabant, as seen in obesity therapy.

With regard to the putative mechanisms of direct long-

term effects, it may be of relevance that rimonabant at

higher concentrations (>10 µM) and applied for longer

incubation periods is capable of stimulating lipolysis via a

mechanism that does not depend on functional CB1R or

alternative receptors coupled to the cAMP/PKA axis

[23]. Strikingly, incubation with rimonabant of native

lipid droplets prepared from isolated rat adipocytes, but

not of synthetic emulsified neutral lipids, increases their

affinity for association with and cleavage by the hor-

mone-sensitive lipase. The mechanism engaged by

rimonabant in cell-free lipolysis or reactions in lipid

droplets prepared from rimonabant-treated adipocytes is

apparently mimicked by the PKA-dependent phosphory-

lation of lipid droplets rather than the action of hormone-

sensitive lipase. This primary site of rimonabant action in

lipid droplets is in agreement with the current view on the

crucial role of lipid droplet-associated proteins in the reg-

ulation of lipolysis [26, 27].

These data argue for rimonabant interaction with the

lipid droplet surface (at high concentrations) and CB1R

of adipocytes, leading to the increased accessibility of

lipid droplets for the hormone-sensitive lipase in phos-

phorylation-independent and dependent fashion, respec-

tively. The two mechanisms may lead to direct and acute

stimulation of lipolysis and, consequently, FA oxidation

upon rimonabant administration and represent potential

targets for future obesity therapy bypassing hypothalamic

CB1R.

Furthermore, it is tempting to speculate that the

direct effect of rimonabant on lipolysis is not restricted to

the adipose tissue. Hormone-sensitive lipase is almost

ubiquitously expressed. Regulated mobilization of

endogenous fat stores is crucial for many cell types,

including myocytes and hepatocytes [28]. Interestingly,

6 h after a single administration of rimonabant, elevation

in the rat serum FFA levels associated with the increased

levels of intramyocellular lipid was observed, which sub-

sequently declined to the levels below those observed in

pair-fed control animals at 20 h [29]. This release of FA

from intramyocyte/hepatocellular lipids for subsequent

FA oxidation in muscle and liver tissues could be related

to the direct stimulation of lipolysis in myocytes and

hepatocytes by the CB1R-dependent and/or independent

a

b

Fig. 6. Effect of rimonabant and CP55.940 on cAMP content in

hepatocytes. a) Intracellular cAMP levels were determined after

incubation (30 min) in the presence of the indicated glucagon

concentration in the absence (filled squares, solid line) or pres-

ence of 0.3 µM CP55.940 (open triangles, dashed line). b) The

cells were incubated (30 min) in the presence or absence of

glucagon, CP55.940 (CP), and rimonabant, as indicated; * p <

0.05 vs. unstimulated cells. cAMP levels were determined by com-

parison to cAMP standard curve as described in “Materials and

Methods”. Data are shown as mean ± S.D. (n = 3).
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mechanisms, similar to those known to be effective in rat

adipocytes [23].

Taken together, our results add new insights to the

present knowledge of the CB1R-dependent and inde-

pendent molecular and physiological mechanisms of reg-

ulation of lipid and glycogen degradation by endo-

cannabinoids and their antagonists, in particular, to the

action mechanism of the anorectic drug rimonabant,

which may support future drug discovery in obesity ther-

apy [30, 31].
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