
Abstract. The molecular basis for the control of energy 
balance by the endocannabinoid anandamide (AEA) is 
still unclear. Here, we show that murine 3T3-L1 fibro-
blasts have the machinery to bind, synthesize and degrade 
AEA, and that their differentiation into adipocytes in-
creases by approximately twofold the binding efficiency 
of cannabinoid receptors (CBR), and by approximately 
twofold and approximately threefold, respectively, the 
catalytic efficiency of the AEA transporter and AEA hy-
drolase. In contrast, the activity of the AEA synthetase 
and the binding efficiency of vanilloid receptor were not 

affected by the differentiation process. In addition, we 
demonstrate that AEA increases by approximately two-
fold insulin-stimulated glucose uptake in differentiated 
adipocytes, according to a CB1R-dependent mechanism 
that involves nitric oxide synthase, but not lipoxygenase 
or cyclooxygenase. We also show that AEA binding to 
peroxisome proliferator-activated receptor-γ, known to 
induce differentiation of 3T3-L1 fibroblasts into adipo-
cytes, is not involved in the stimulation of glucose up-
take.

Keywords. Differentiation, endocannabinoid system, energy homeostasis, glucose transport, receptor, signal trans-
duction.

Introduction

Cannabinoids are the bioactive constituents of Cannabis 
sativa extracts like hashish and marijuana. The effects of 
these substances on the central nervous system and pe-
ripheral tissues have been known for centuries, and are 
due to the activation of cannabinoid (CB) receptors [1, 
2]. The endogenous agonists of these receptors are am-
ides and esters of long-chain polyunsaturated fatty acids, 
collectively termed ‘endocannabinoids’ [3]. Anandamide 

(N-arachidonoylethanolamine, AEA) and 2-arachidon-
oylglycerol (2-AG) are the most prominent endocannabi-
noids as yet known [3]. AEA is synthesized on demand 
by N-acyl-phosphatidylethanolamines-hydrolyzing phos-
pholipase D (NAPE-PLD) [4], and is effective primarily 
at type-1 (CB1R) and type-2 (CB2R) cannabinoid re-
ceptors [1, 2]. In addition, the type-1 vanilloid receptors 
(now called transient receptor potential channel vanilloid 
receptor subunit 1, TRPV1) are activated by AEA, which 
therefore is considered also a true ‘endovanilloid’ [5]. 
The biological activities of AEA are terminated by cel-
lular uptake through a purported AEA membrane trans-
porter (AMT) [6–8], followed by intracellular degrada-
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tion by fatty acid amide hydrolase (FAAH) [9]. AEA and 
congeners, together with (non)CB receptors, NAPE-PLD, 
AMT and FAAH form the ‘endocannabinoid system’, 
which plays roles in a broad array of physiological and 
pathological processes [1, 3, 5].
In the past few years, evidence has been accumulated for 
a role of the endocannabinoid system in controlling en-
ergy balance, through central and peripheral actions [10–
13]. An increase of the endocannabinoid tone has been 
reported in the hypothalamus of obese animals, and the 
administration of (endo)cannabinoids has been shown to 
increase food intake and to promote weight gain [14–17]. 
In white adipocytes, CB1R activation stimulates lipogen-
esis, by up-regulating lipoprotein-lipase [11, 14] and fatty 
acid synthesis, which contributes to diet-induced obesity 
in vivo [18]. In contrast, CB1R antagonists in vitro and 
in vivo cause the up-regulation of adiponectin, which 
in turn reduces the expression of enzymes involved in 
lipogenesis [19, 20]. In line with the latter observation, 
the CB1R antagonist SR141716A (rimonabant) has been 
shown to effectively reduce food intake and to decrease 
body weight in late-stage clinical trials, thus approach-
ing the market as an anti-obesity drug [21, 22]. The 
therapeutic efficacy of rimonabant in humans has found 
biochemical support in the observation that human adi-
pose tissue has CB1 receptors [23–25] and a functional 
endocannabinoid system [25]. In this context, AEA has 
been recently shown to induce fibroblast differentiation 
into adipocytes, through transcriptional activation of per-
oxisome proliferator-activated receptor-γ (PPARγ ) [26]. 
However, up to now, only one report has appeared, during 
the preparation of this manuscript, describing that murine 
3T3-L1 preadipocytes express the genes encoding for 
CB1R, CB2R, NAPE-PLD, and FAAH [27]. Therefore, 
the modulation of the endocannabinoid system during ad-
ipocyte differentiation, and the role of endocannabinoids 
on glucose uptake by adipocytes remain to be clarified. 
Both adipocyte differentiation and glucose transport are 
key processes in adipogenesis and maintenance of energy 
balance and body weight [26, 28].
This background prompted us to investigate the presence 
of a complete and functional AEA-related endocannabi-
noid system in murine 3T3-L1 preadipocytes, and to in-
vestigate the effect of cell differentiation on this system. 
In addition, we sought to ascertain the potential role of 
AEA in glucose uptake by 3T3-L1 adipocytes, and the 
underlying mechanism. In this context, it should be re-
called that arachidonic acid (AA) significantly increases 
basal and insulin-stimulated glucose uptake in murine 
adipocytes [28], and that AA derivatives generated by cy-
clooxygenase-2 (COX-2) or lipoxygenase (LOX) inter-
fere with adipocyte metabolism [29–32]. Therefore, we 
checked whether the FAAH-catalyzed release of AA from 
AEA [9], and the oxygenation of AEA by COX-2 [33] 
or LOX [34], might have a role in modulating glucose 

uptake. The potential involvement of PPARγ in AEA-
stimulated glucose uptake was also investigated, because 
activation of this receptor is known to control glucose ho-
meostasis in adipocytes [35].

Materials and methods

Materials. Chemicals were of the purest analytical 
grade. AEA, AA, capsazepine (CPZ), 2-deoxy-D-glu-
cose (2-DOG), dexametasone, GW9662, indomethacin 
(INDO), insulin, isobutylmethylxanthine, N-ω-nitro-L-
arginine methyl ester (L-NAME), nordihydroguaiaretic 
acid (NDGA), rosiglitazone (RSG), 5-(1,1′-dimethy-
heptyl)-2-[1R,5R-hydroxy-2R-(3-hydroxypropyl)cycl
ohexyl]-phenol (CP55.940), and sodium nitroprusside 
(SNP) were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). Resinferatoxin (RTX) was from 
Alexis Corporation (Lausen, Switzerland), and metha-
nandamide (Met-AEA) was from Calbiochem (La Jolla, 
CA, USA). (S)-1′-(4-Hydroxybenzyl)-oleoylethanol-
amide (OMDM1), arachidonoyl-2-chloro-ethylamide 
(ACEA) and methyl arachidonyl fluorophosphonate 
(MAFP) were from Tocris (Bristol, United Kingdom). 
N-Piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophe-
nyl)-4-methyl-3-pyrazolecarboxamide (SR141716A) 
and N-[1(S)-endo-1,3,3-trimethylbicyclo[2.2.1]-heptan-
2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-methylbenzyl) 
pyrazole-3-carboxami-de (SR144528) were kind gifts 
of Sanofi-Aventis Recherche (Montpellier, France). 
Pure FAAH was a kind gift of Dr Benjamin F. Cravatt 
(The Scripps Research Institute, La Jolla, CA, USA). N-
Arachidonoyl-phosphatidyl-ethanolamine (NArPE) was 
synthesized from AA and phosphatidylethanolamine, as 
reported [35]. [3H]AEA (205 Ci/mmol), 2-deoxy-D-[2,6-
3H]glucose ([3H]2-DOG, 29.7 Ci/mmol), [3H]CP55.940 
(126 Ci/mmol), and [3H]resinferatoxin ([3H]RTX, 43 Ci/
mmol) were from Perkin-Elmer Life Sciences, Inc. (Bos-
ton, MA, USA). [3H]NArPE (200 Ci/mmol) was from 
ARC (St. Louis, MO, USA). Anti-FAAH polyclonal an-
tibodies were prepared by Primm S.r.l. (Milan, Italy) as 
reported [36]. Rabbit anti-CB1R and mouse anti-induc-
ible nitric oxide synthase (iNOS) antibodies were from 
Affinity BioReagents (Golden, CO, USA). Rabbit anti-
CB2R antibodies were from Cayman Chemicals (Ann 
Arbor, MI, USA), and rabbit anti-TRPV1 antibodies 
were from Santa Cruz Biotechnologies (Santa Cruz, CA, 
USA). Goat anti-rabbit and goat anti-mouse antibod-
ies conjugated to alkaline phosphatase (GAR-AP and 
GAM-AP, respectively) were from Bio-Rad (Hercules, 
CA, USA).

Cell culture and treatment. Mouse 3T3-L1 fibroblasts 
were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA) and were either maintained 
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as such or differentiated into adipocytes, as reported [20]. 
Fibroblasts were maintained at ≤70% confluency in Dul-
becco’s minimal essential medium (DMEM, Sigma), con-
taining 10% newborn calf serum (NCS), 25 mM glucose, 
2 mM glutamine, 18 mM disodium bicarbonate, 100 U/
ml penicillin, and 100 μg/ml streptomycin, at 37 °C in 
humidified 5% CO2 atmosphere. To differentiate fibro-
blasts into mature adipocytes, 3T3-L1 cells were grown 
for 2 days post confluence in DMEM/NCS, and then for 2 
additional days in medium containing fetal bovine serum 
instead of NCS (DMEM/FBS), 0.83 μM insulin, 0.25 μM 
dexamethasone and 0.5 mM isobutylmethylxanthine. The 
medium was changed to DMEM/FBS supplemented only 
with 0.83 μM insulin for 2 days, and then to DMEM/FBS 
alone for additional 3–5 days. Cells were considered dif-
ferentiated, when at least 95% of them showed an adipo-
cyte phenotype by accumulation of lipid droplets, usually 
on day 9 (d9) of differentiation [28].

Receptor binding assays. For cannabinoid receptor 
studies, membrane fractions were prepared from 3T3-
L1 cells as reported [36], and were stored at –80 °C for 
no longer than 1 week. Membrane fractions were used 
in rapid filtration assays with the synthetic cannabinoid 
[3H]CP55.940 [36]. To assess the presence of TRPV1, 
binding of [3H]RTX to membrane fractions was deter-
mined by rapid filtration assays, as described previously 
[37]. In all binding experiments, nonspecific binding was 
determined in the presence of 1 μM ‘cold’ agonist [36, 
37]. Receptor binding was expressed as fmol 3H-labeled 
ligand bound per mg protein. Binding data were elabo-
rated through nonlinear regression analysis, using the 
Prism 4 program (GraphPAD Software for Science, San 
Diego, CA, USA), to calculate apparent dissociation con-
stant (Kd) and maximum binding (Bmax) of [3H]CP55.940 
or [3H]RTX.
The expression of CB1R, CB2R and TRPV1 was assessed 
in 3T3-L1 cell extracts, subjected to 10% SDS-PAGE 
(10 μg/lane) under reducing conditions. For immuno-
chemical analysis, gels were electroblotted onto 0.45- μm 
nitrocellulose filters (Bio-Rad) and were immunoreacted 
with anti-CB1R, anti-CB2R (each diluted 1 : 250) or anti-
TRPV1 (1 : 500) polyclonal antibodies, and GAR-AP 
(diluted 1 : 2000) as second antibody [38]. In addition, 
Western blot analysis of CB1R and CB2R was performed 
under the same experimental conditions on mouse brain 
and mouse spleen extracts, typical sources of authentic 
CB1R and CB2R, respectively [39]. Anti-CB1R and 
CB2R antibodies (each diluted 1 : 250), anti-TRPV1 anti-
body (1 : 500), and GAR-AP (diluted 1 : 2000) were used 
to determine CB1R, CB2R and TRPV1 protein content 
also by enzyme-linked immunosorbent assay (ELISA), 
coating wells with cell extracts (20 μg/well), as reported 
[38]. The absorbance values at 405 nm (A405) of unknown 
samples were within the linearity range of calibration 

curves drawn with different amounts of extracts (in the 
range 0–40 μg/well).
For the evaluation of PPARγ binding, the PolarScreen™ 
PPAR Competitor Assay kit was used (Invitrogen Co. 
Carlsbad, CA, USA) [26]. This assay is based on hu-
man-derived recombinant PPARγ ligand-binding domain 
(PPARγ-LBD), tagged with an N-terminal His-tag, and 
a tight-binding selective fluorescent PPAR ligand (Fluo-
rmone PPAR Green). PPARγ-LBD was added to Fluo-
rmone™ PPAR Green, to form a PPARγ-LBD/Fluor-
mone™ PPAR Green complex, which results in high 
fluorescence polarization. The effect of AEA or rosigli-
tazone (RSG), in the range 0.001–100 μM, on complex 
formation was ascertained in microwell plates at room 
temperature for 2 h, and fluorescence polarization was 
measured using LS-50B Luminescence Spectrometer 
(Perkin-Elmer, Boston, MA, USA), with excitation at 
517 nm and emission at 535 nm.

FAAH activity and expression. The hydrolysis of 
[3H]AEA by FAAH (EC 3.5.1.4) was assayed in 3T3-L1 
cell homogenates (10 μg/test), incubated at pH 9.0 with 
10 μM [3H]AEA. The release of [3H]AA from [3H]AEA 
was evaluated through reversed phase-high performance 
liquid chromatography (RP-HPLC), as already reported 
[38]. The apparent Michaelis-Menten constant (Km) and 
maximum velocity (Vmax) of FAAH were calculated by 
nonlinear regression analysis with the Prism 4 program 
(GraphPAD Software for Science).
FAAH expression was determined in 3T3-L1 cell ex-
tracts by Western blot analysis, as described above for 
CBR and TRPV1 receptors. Anti-FAAH polyclonal anti-
bodies (1 : 250) and GAR-AP (diluted 1 : 2000) were used 
to visualize the immunoreactive bands, and pure FAAH 
(3 μg/lane) was used as positive control. The same anti-
FAAH antibodies (diluted 1 : 200) were used to determine 
FAAH protein content by ELISA, performed as described 
above for CB receptors.

Anandamide synthesis and uptake. The synthesis of 
AEA through the activity of NAPE-PLD (EC 3.1.4.4) 
was assayed in cell homogenates (100 μg/test), using 
100 μM [3H]NArPE as detailed elsewhere [40]. NAPE-
PLD activity was expressed as pmol [3H]AEA released 
per min per mg protein. The uptake of [3H]AEA through 
AMT was measured by incubating intact 3T3-L1 cells 
(1.5 × 106 cells/test) with 1 μM [3H]AEA, at 37 °C for 
15 min [38]. To discriminate noncarrier-mediated from 
carrier-mediated transport of AEA, control experiments 
were carried out also at 4 °C, and these values were sub-
tracted from those at 37 °C [6]. Incubations were also 
carried out with different concentrations of [3H]AEA, in 
the range 0–2 μM, to determine apparent Km and Vmax val-
ues, by nonlinear regression analysis (Prism 4).
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Assay of 2-DOG uptake. 3T3-L1 adipocytes (on d8 of 
differentiation) were grown in six-well plates and were 
incubated for 24 h in supplemented DMEM. In the time 
course experiments, AEA incubations started on d7 and 
d9 and continued for 48 or 4 h, respectively. All the treat-
ments were performed at the concentrations indicated in 
the figure legends.
[3H]2-DOG uptake was performed on d9, as reported 
previously [41]. Differentiated adipocytes were serum-
starved for 2 h in DMEM containing 25 mM glucose 
and 2 mM glutamine, and were incubated in 1 ml KRH 
buffer (136 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 

1.25 mM MgSO4, 10 mM HEPES, pH 7.4), with or with-
out 100 nM insulin, at 37 °C for 30 min. Then, [3H]2-
DOG (0.3 μCi/ml; final specific activity 6 μCi/ μmol) 

was added for an additional 5 min. Uptake was stopped 
by three rapid washes on ice with KRH, then cells were 
solubilized in 1 ml 0.1 M NaOH, were neutralized with 
50 μl concentrated HCl, and radioactivity was determined 
by liquid scintillation counting.

Expression of iNOS. The expression of iNOS in 3T3-L1 
cells was assessed by Western blot analysis, performed as 
described above for CBR and TRPV1 receptors. Mouse 
anti-iNOS monoclonal antibody was used as first anti-
body (diluted 1 : 5000), and GAM-AP (diluted 1 : 2000) as 
second antibody [38]. Lysates from mouse macrophages 
stimulated with interferon-γ (IFN-γ ) and lipopolysaccha-
ride (LPS) for 12 h were used as positive control [42].

Statistical analysis. Data reported in this article are the 
means ± SD of at least three independent experiments, 
each performed in duplicate. Statistical analysis was 
performed by the nonparametric Mann-Whitney U test, 
elaborating experimental data by means of the InStat 3 
program (GraphPAD Software for Science).

Results

AEA-binding receptors in 3T3-L1 cells during differ-
entiation. In a first series of experiments, aimed at looking 
for a complete endocannabinoid system in 3T3-L1 cells, 
the presence of AEA-binding receptors was investigated. 
Binding assays were performed with the synthetic agonist 
[3H]CP55.940, which has high affinity to both CB1 and 
CB2 receptors [39]. [3H]CP55.940 was able to bind dose-
dependently to 3T3-L1 cell membranes, both before (d0) 
and after 9 days (d9) of differentiation (Fig. 1a). From 
saturation curves like those shown in Figure 1a, it was 
possible to calculate the apparent affinity (i.e. the disso-
ciation constant, Kd) and maximum binding (Bmax) of the 
receptor, and hence its binding efficiency (i.e. the Bmax/Kd 
ratio) (Table 1). Interestingly the latter parameter, which 
is an overall index of receptor functionality, was almost 

doubled in differentiated adipocytes versus preadipocytes 
(Table 1). Furthermore, [3H]CP55.940 (400 pM) was dis-
placed by 1 μM SR141716A (down to 50% or 30% of 
controls on d0 or d9, respectively), or by 1 μM SR144528 
(down to 50% or 70% of controls on d0 or d9, respec-
tively). These compounds are selective antagonists of 
CB1R (SR141716A) or CB2R (SR144528) [39]. The ef-
fect of these antagonists, and the fact that the apparent Kd 
values of [3H]CP55.940 binding are compatible with both 
CB1 and CB2 receptor subtypes [39], suggested that both 
CB receptors were expressed in 3T3-L1 cells. To further 
corroborate the binding data, 3T3-L1 cell extracts were 
subjected to Western blot analysis, which was extended 
to mouse brain and spleen, typical sources of authentic 
CB1R and CB2R, respectively [39]. Anti-CB1R and 
anti-CB2R antibodies were found to recognize a single 
immunoreactive band of the expected molecular size of 
CB1 and CB2 receptors, respectively (Fig. 2a, b). In addi-
tion, Western blot analysis suggested that CB1R expres-
sion increased during differentiation, whereas CB2R had 
an opposite trend (Fig. 2a, b). More quantitative ELISA 
were performed, to further corroborate this observa-
tion, and demonstrated that CB1R protein was almost 
doubled in 3T3-L1 cells on d9 versus d0 (1.700 ± 0.130 
versus 0.920 ± 0.070 A405 units per μg protein; p < 0.01), 
whereas the level of CB2R was reduced down to ∼45% 
(from 0.750 ± 0.050 to 0.340 ± 0.040 A405 units per μg 
protein; p < 0.01).
Adipocyte cell membranes were also able to dose-de-
pendently bind [3H]RTX, a specific TRPV1 agonist [36] 
(Fig. 1b). The binding of 500 pM [3H]RTX was fully 
displaced by 1 μM CPZ (down to 30% of controls, both 
on d0 and d9), a selective antagonist of TRPV1 recep-
tor [37]. Kinetic analysis of TRPV1 saturation curves 
yielded apparent Kd and Bmax values reported in Table 1, 
demonstrating that the binding efficiency of TRPV1 did 
not change during differentiation. The presence of vanil-
loid receptors in 3T3-L1 cells was further established 
by Western blot analysis, using human lymphoma U937 
cells as a positive control [43]. Western blotting showed 
a single immunoreactive band of the expected molecular 
size of TRPV1, and suggested that band intensity did not 
change during differentiation (Fig. 2c). ELISA, showing 
that protein content of TRPV1 remained the same in 3T3-
L1 cells on d9 versus d0 (∼0.330 ± 0.040 A405 units per 
μg protein in each case), confirmed the Western blotting 
data.
Taken together, these biochemical and immunochemical 
data demonstrate that both 3T3-L1 preadipocytes and 
adipocytes express functional CB1R, CB2R and TRPV1. 
They also show that differentiation affects CBR binding 
efficiency, by enhancing the expression of CB1R and re-
ducing that of CB2R, while the binding efficiency and 
expression of TRPV1 were unmodified.



Cell. Mol. Life Sci.  Vol. 64, 2007 Research Article       223

AEA metabolism in 3T3-L1 cells during differen-
tiation. 3T3-L1 cells at the preadipocyte and adipocyte 
stage were able to accumulate [3H]AEA concentration-
dependently (Fig. 1c), according to a saturable process 
typical of AMT [6–8, 44]. From saturation curves like 
those shown in Figure 1c, it was possible to calculate the 

apparent affinity (i.e. Km) and maximum velocity (Vmax) 
of AMT, and therefore it could be demonstrated that dif-
ferentiation almost doubled the catalytic efficiency (i.e. 
Vmax/Km ratio) of the transporter (Table 1). The uptake 
of 1 μM [3H]AEA was inhibited (down to ∼10% of con-
trol) by 1 μM OMDM1, a selective AMT inhibitor [45], 

Figure 1. Endocannabinoid system in 3T3-L1 cells during differentiation. Saturation curves of the binding of [3H]CP55.940 (a) or 
[3H]resinferatoxin (RTX) (b) at the beginning (d0) and on day 9 of differentiation (d9). Dependence of AMT activity (c) and of fatty acid 
amide hydrolase (FAAH) activity (d) on anandamide (AEA) concentration, on d0 and d9. Vertical bars represent SD values.

Table 1. Kinetic properties of the endocannabinoid system in 3T3-L1 cells during differentiation.

Parameter d0 a d9 b

Kd c Bmax
d Bmax/Kd Kd c Bmax

d Bmax/Kd

CBR binding 0.20 ± 0.05 47.4 ± 6.1 237 1.1 ± 0.4 510 ± 29 463
TRPV1 binding 520 ± 31 1077 ± 216 2.1 671 ± 32 1451 ± 245 2.2

Km e Vmax f Vmax/Km Km e Vmax f Vmax/Km

FAAH activity 4.9 ± 0.6 19.2 ± 1.6 3.9 2.4 ± 0.3 33. 8 ± 4.1 14.1
AMT activity 0.11 ± 0.02 23.3 ± 4.0 212 0.03 ± 0.06 16.1 ± 3.1 537

a At the beginning of differentiation.
b On day 9 of differentiation.
c Expressed as nM.
d Expressed as fmol per mg protein.
e Expressed as µM.
f Expressed as pmol/min per mg protein.
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whereas 2-DOG was ineffective up to a concentration 
of 50 μM (not shown). Furthermore, 3T3-L1 cells were 
able to synthesize de novo AEA through NAPE-PLD 
activity (15 ± 3 pmol/min per mg protein, at either d0 
and d9 of differentiation). It should be stressed that the 
unprecedented observation of an active AEA synthetase 
in 3T3-L1 adipocytes gives support to a recent report 
that appeared during the preparation of this manuscript, 
showing that 3T3-L1 cells express detectable levels of 
endogenous AEA [27].
3T3-L1 cells at d0 or d9 were also able to hydrolyze 
[3H]AEA through FAAH activity, according to a typical 
Michaelis-Menten kinetics (Fig. 1d). From curves like 
those shown in Figure 1d, it was possible to calculate Km 
and Vmax values, and hence the catalytic efficiency (i.e. 
Vmax/Km ratio) of FAAH (Table 1). This kinetic analysis 
demonstrated that differentiation increased by ∼3.5-fold 
the catalytic efficiency of FAAH on d9 versus d0  (Table 1). 
As expected, hydrolysis of 10 μM [3H]AEA was almost 
completely inhibited by 100 nM MAFP (down to ∼10% 
of controls), a selective inhibitor of FAAH [46]. The pres-
ence of FAAH in 3T3-L1 cells was also demonstrated 
by Western blot where specific antibodies recognized a 
single immunoreactive band of the molecular size ex-
pected for FAAH (Fig. 2d). In addition, Western blotting 
suggested that the intensity of the FAAH-immunoreac-
tive band increased during differentiation (Fig. 2d), and 
ELISA supported this finding, demonstrating that FAAH 
protein increased up to ∼160% (0.770 ± 0.055 versus 
0.480 ± 0.030 A405 units per μg protein; p < 0.01) in 3T3-
L1 cells on d9 versus d0.

Taken together, these biochemical and immunochemical 
data demonstrate that both 3T3-L1 preadipocytes and ad-
ipocytes have the whole machinery to metabolize AEA, 
and suggest that differentiation increases the degradation 
of this endocannabinoid via AMT and FAAH, without af-
fecting its synthesis via NAPE-PLD.

Modulation of 2-DOG uptake by AEA in 3T3-L1 adi-
pocytes. Growing evidence suggests that endocannabi-
noids play a major role in controlling food intake and 
body weight [10–13, 47]. In this line, we sought to test the 
effect of AEA on basal and insulin-stimulated glucose up-
take in derived 3T3-L1 adipocytes. These cells were incu-
bated for 24 h with different concentrations of AEA, and 
a maximum effect (∼160%) on insulin-stimulated uptake 
was found when used at 10 μM (Fig. 3a). Then, 3T3-L1 
adipocytes were incubated with 10 μM AEA for different 
periods of time (between 4 and 48 h), to clarify the time 
course of the AEA effect. Glucose (2-DOG) uptake was 
found to increase significantly after 24 h of treatment, 
whereas the basal (unstimulated) transport of glucose was 
not affected, independently of the concentration of AEA 
(Fig. 3a) and of the duration of the treatment (Fig. 3b). In 
this context, AA has been shown to increase significantly 
both basal and insulin-stimulated glucose uptake [28]. 
Since 3T3-L1 adipocytes are able to efficiently degrade 
AEA through AMT and FAAH (Fig. 1c, d), thus poten-
tially generating AA, we checked whether the stimulatory 
effect of AEA on insulin-stimulated glucose uptake could 
be indeed due to AA. Thus, cells were treated with AEA 
in the presence of the FAAH inhibitor MAFP (100 nM). 
Moreover, the effect of Met-AEA, a hydrolytically stable 

Figure 2. Western blot of cannabinoid and vanilloid receptors, and of FAAH in 3T3-L1 cells. Western blot analysis in 3T3-L1 membranes, 
reacted with anti-CB1R (a), anti-CB2R (b), anti-TRPV1 (c), or anti-FAAH (d) polyclonal antibodies. Expected molecular mass values are 
reported on the left-hand side.
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analogue of AEA [48], on insulin-stimulated glucose up-
take was also checked. We found that the stimulatory ef-
fect of 10 μM AEA was not impaired by MAFP, and was 
mimicked by 1 μM Met-AEA (data not shown), ruling 
out that AA could be responsible for the activity of AEA. 
Therefore, we performed further experiments on the ef-
fect of SR141716A or SR144528 on AEA-stimulated 
glucose uptake, by incubating 3T3-L1 cells with 10 μM 
AEA for 24 h in the presence of 100 nM MAFP. Interest-
ingly, 1 μM SR141716A was shown to reduce the effect 
of AEA on glucose uptake down to ∼50% of that of the 
controls, whereas 1 μM SR144528 or 10 μM CPZ were 
ineffective (Fig. 4a). Additionally, glucose uptake was 
enhanced by 10 μM ACEA (Fig. 4b), a highly selective 
CB1R agonist [49], and by 10 μM OMDM1 (Fig. 4b), a 
selective AMT blocker [45].
Taken together, these data suggest that AEA enhances 
insulin-stimulated glucose uptake through a CB1R-de-
pendent mechanism. Accordingly, inhibition of AEA 
transport further potentiates the stimulatory effect of 
AEA on glucose uptake by increasing the extracellular 
concentration of AEA and prolonging its binding to CB1 
receptors.

Stimulation of glucose uptake by AEA requires NO, 
but not oxygenation. Previous studies have shown that 
stimulation of glucose uptake by insulin in skeletal mus-
cle and adipose tissues in vivo is NO dependent [50]. In 
addition, our group has reported that activation of CB1R 
by AEA in human endothelial cells leads to increased 
iNOS activity and expression [51]. Therefore, to check 
the involvement of NO in AEA-stimulated glucose trans-
port, 3T3-L1 adipocytes were incubated with AEA in the 
presence of the NOS inhibitor L-NAME (20 μM) [51]. 
This substance was able to reduce the effect of AEA down 
to ∼60% of the controls (Fig. 4b). In contrast, the NO-do-
nor sodium nitroprusside (SNP), used at 50 mM, which 
releases nanomolar concentrations of NO [52, 53], en-
hanced glucose transport similar to 10 μM AEA, leading 

Figure 3. Effect of AEA concentration (a), and incubation time (b) on basal and insulin-stimulated glucose uptake in differentiated 3T3-L1 
cells. (a) Values were expressed as percentage of glucose uptake at 24 h in insulin-stimulated control (100% = 302 ± 36 pmol/min per mg 
protein). (b) Values were expressed as percentage of glucose uptake in insulin-stimulated control at the corresponding incubation times, 
in the presence or absence of 10 μM AEA (100% at 4 h, 556 ± 71 pmol/min per mg protein; 100% at 24 h, 302 ± 36 pmol/min per mg 
protein; 100% at 48 h, 230 ± 19 pmol/min per mg protein). Vertical bars represent SD values. * p < 0.01 versus corresponding controls 
(p > 0.05 in all other cases).

Figure 4. Effect of endocannabinoid-related compounds on AEA-
stimulated glucose uptake in 3T3-L1 cells. Adipocytes were incu-
bated for 24 h with (a) 10 μM AEA, alone or in the presence of 
1 μM SR141716A, 1 μM SR144528 or 10 μM capsazepine, or (b) 
with endocannabinoid-related compounds. (c) Western blot analy-
sis of inducible nitric oxide synthase (iNOS) expression in 3T3-L1 
adipocytes, incubated for 24 h in the presence or absence of 10 μM 
AEA. Cell lysates from mouse macrophages stimulated with IFN-γ 
and LPS were used as positive control. Expected molecular mass 
of iNOS is reported on the left-hand side. In (a, b), values were 
expressed as percentage of glucose uptake in insulin-stimulated 
controls (100% =302 ± 36 pmol/min per mg protein). Vertical bars 
represent SD values. In (a), * p < 0.01 and ** p < 0.05 versus con-
trol. In (b), * p < 0.01 versus control, and # p < 0.01 versus 10 μM 
AEA (p > 0.05 in all other cases).
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to a ∼170% increase over the controls (Fig. 4b). Taken 
together, these data demonstrate that NO participates in 
AEA-stimulated glucose uptake.
Next 3T3-L1 adipocytes on d9 were treated with 10 μM 
AEA for 24 h to investigate the effect of this endocan-
nabinoid on the expression of iNOS. Since iNOS has 
been shown to increase in mouse macrophages stimulated 
with IFN-γ and LPS [42], the latter cells were used as a 
positive control. Western blot analysis with monoclonal 
anti-iNOS antibodies recognized a single immunoreac-
tive band of the expected molecular size for iNOS in 
adipocytes treated with 10 μM AEA, but not in untreated 
controls (Fig. 4c).
Finally, we checked whether COX-2 and/or LOX could 
have a role in AEA-stimulated glucose uptake since AEA 
can be metabolized by COX-2 [33] and LOX [34], gener-
ating active products [33, 34]. Fatty acid derivatives gen-
erated by these oxygenases are known to interfere with 
adipocyte metabolism [29–32]. Therefore, the activity 
of AEA was tested in the presence of 100 μM nordihy-
droguaiaretic acid (NDGA), a pan-LOX inhibitor [54], 
or of 1 μM indomethacin (INDO), a pan-COX inhibitor 
[55]. As shown in Figure 4b, neither NDGA nor INDO 
affected the activity of AEA, ruling out that oxygenated 
products of this endocannabinoid were contributing to the 
modulation of glucose transport.

AEA binding to PPARγ does not affect glucose uptake. 
To further explore the mechanism underlying the effect 
of AEA on glucose uptake, we examined a possible role 
of PPARγ. PPARγ is a key transcriptional factor that con-
trols adipogenesis and glucose homeostasis [35, 56], and 
recently its activation by AEA has been shown to induce 
3T3-L1 fibroblast differentiation into adipocytes [26]. 
Here, differentiated 3T3-L1 cells were treated for 30 min 
with 5 μM GW9662, a PPARγ antagonist [57, 58], before 
the addition of 10 μM AEA. Pre-treatment with GW9662 
did not prevent the stimulatory effect of AEA on glucose 
uptake (Fig. 4b), suggesting that the activity of AEA was 
independent of PPARγ. Nevertheless, we found by means 

of displacement assays [26] that AEA was indeed able 
to bind to PPARγ, in a concentration-dependent manner 
(Fig. 5). It was also possible to calculate an IC50 for AEA, 
which was 10 μM, in keeping with a recent report [26].

Discussion

In the past few years, evidence has accumulated that points 
to a role for endocannabinoids in regulating food intake 
and energy homeostasis [12, 13]. However, the molecular 
mechanisms underlying the effects of endocannabinoids 
in adipocyte biology remain largely unclear [11, 14, 18–
20]. Here, we investigated whether the endocannabinoid 
system changes upon adipocyte differentiation, and its 
possible effect on glucose transport.
The presence and expression of CB1 and CB2 receptors 
in preadipocytes and differentiated adipocytes was dem-
onstrated by: (i) saturation curves of [3H]CP55.940; (ii) 
displacement of [3H]CP55.940 binding by selective CB1 
or CB2 antagonists; and (iii) cross-reactivity with spe-
cific anti-CB1R and anti-CB2R antibodies. Interestingly, 
the same receptor subtypes have been shown in subcuta-
neous and omental adipocytes of individuals undergoing 
liposuction [24], suggesting that they may have a func-
tional role also in humans. In line with this, the fivefold 
higher expression of CB1R versus CB2R in differentiated 
murine adipocytes (1.700 ± 0.130 versus 0.340 ± 0.040 
A405 units per μg protein) seems to give biochemical sup-
port to the therapeutic efficacy of the CB1R antagonist 
rimonabant for the treatment of obesity [21, 22]. Further-
more, the unprecedented characterization of TRPV1 re-
ceptor in 3T3-L1 cells corroborates a preliminary report 
on the presence of this receptor in human adipose tissue 
[25], and seems to anticipate a role for TRPV1 in adipo-
cyte biology.
We have also shown that 3T3-L1 preadipocytes and adi-
pocytes are able to degrade AEA through an AMT-de-
pendent uptake, followed by intracellular hydrolysis by 
FAAH. The presence of these two components of the en-
docannabinoid system were demonstrated by: (i) kinetic 
curves of AEA transport or hydrolysis; (ii) inhibition by 
selective AMT or FAAH inhibitors; (iii) cross-reactivity 
with specific polyclonal antibodies (for FAAH only). In 
this context, it should be noted that the molecular proper-
ties of a purported AEA membrane transporter are not 
yet known, and no probes are available to measure the 
expression of this so-far-putative entity [5, 7, 35]. In addi-
tion, we have shown that 3T3-L1 cells have the ability to 
synthesize AEA via NAPE-PLD activity, an observation 
that corroborates a recent report on the presence of AEA 
in these cells [27]. To the best of our knowledge, these 
data represent the first characterization of a complete 
and functional AEA-related endocannabinoid system in 
adipocytes, lending support to the presence of the genes 

Figure 5. Binding of AEA to PPARγ. Displacement of the fluo-
rescent FuormoneTM PPAR green ligand from the binding pocket 
of PPARγ by AEA or rosiglitazone (RSG). Fluorescence intensity 
was expressed in arbitrary units (a.u.). Vertical bars represent SD 
values.
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encoding for CB1R, CB2R, NAPE-PLD, and FAAH in 
these cells [27]. Taken together, our findings may form 
the basis for a better understanding of the effects of 
(endo)cannabinoids and related compounds on adipocyte 
biology [13, 14, 19, 20]. In this context, it seems of ut-
most importance to further investigate the presence and 
possible modulation in differentiating adipocytes of the 
enzymes that synthesize [59] and degrade [60] the other 
major endocannabinoid 2-AG. This study is currently 
ongoing in our laboratory and will be the subject of an 
independent report.
A major finding of this investigation is the observation 
that differentiation of preadipocytes into adipocytes is par-
alleled by an increased efficiency of CBR binding. Since 
the expression of CB1R is almost doubled in differenti-
ated adipocytes, whereas that of CB2R is approximately 
reduced by half, it can be concluded that the CB1 receptor 
subtype is the main responsible for the increased binding 
efficiency. On the other hand, differentiation leads to en-
hanced AEA degradation by AMT and FAAH, an observa-
tion that is in keeping with a role for this endocannabinoid 
as differentiation-promoting signal [26]. In fact, it can be 
expected that such a signal has to be disposed at the end 
of the differentiation process. In this context, it should be 
stressed that the control of adipocyte differentiation by 
AEA occurs through PPARγ [26], whereas CB1 receptors 
are engaged in the control by AEA of insulin-stimulated 
glucose uptake (this study). Therefore, it is possible that 
up-regulation of CB1R upon differentiation might be a 
compensatory mechanism, by which adipocytes keep a 
suitable CB1R-dependent stimulation of glucose uptake 
even in the presence of reduced AEA levels. On a general 
note, the fact that enhanced degradation, rather than re-
duced synthesis, is the means to control the endogenous 
tone of AEA extends to 3T3-L1 cells is similar to previous 
observations on faah knockout mice and a number of dif-
ferent cell systems (reviewed in [3, 9]).
Another major finding of this study is the observation 
that AEA regulates insulin-stimulated glucose uptake 
in differentiated adipocytes. In line with this, a role for 
fatty acids in the control of glucose homeostasis and of 
its dysregulation in diabetes has been known for a long 
time [22, 61, 62]. Our studies showed that exposure to 
AEA for 24 h potentiates insulin-stimulated, but not 
basal, glucose uptake. The potentiation of glucose uptake 
by AEA was independent of AEA oxygenation by COX 
or LOX, and also of PPARγ activation. On the contrary, it 
engaged CB1 receptors, as demonstrated by the ability of 
the CB1R antagonist SR141716A to minimize the activ-
ity of AEA, and by the ability of the CB1R agonist ACEA 
to mimic it. It seems noteworthy that in a previous re-
port iNOS was shown to be part of the signaling pathway 
triggered by CB1R in primary endothelial cells [51], and 
that NO is known to have a crucial role in the regulation 
of lipolysis [63, 64]. In keeping with this background, 

we found that the NO-donor SNP mimicked AEA-stimu-
lated glucose uptake, which, in contrast, was reduced by 
the NOS inhibitor L-NAME. In addition, AEA enhanced 
iNOS expression in 3T3-L1 adipocytes, overall suggest-
ing that this endocannabinoid plays a role in the regula-
tion of glucose transport by NO [63–65].
In summary, in this investigation we have reported un-
precedented evidence that: (i) murine 3T3-L1 preadipo-
cytes and differentiated adipocytes have a functional en-
docannabinoid system; (ii) some elements of this system 
(namely CB receptors, AMT and FAAH) are modulated by 
the differentiation of preadipocytes into adipocytes; and 
(iii) AEA increases insulin-stimulated glucose uptake by 
a CB1R- and NO-dependent mechanism. It is noteworthy 
that our findings strongly support a role for the endocan-
nabinoid system in energy metabolism and fuel storage, 
and suggest that therapeutics targeted against CB1R or 
PPARγ might help to dissect the AEA-dependent regula-
tion of glucose uptake from that of adipocyte differentia-
tion, respectively. Such action of AEA on different recep-
tors may also be of therapeutic utility for the treatment of 
metabolic diseases like hyperglycemia, hyperlipidemia, 
and type-2 diabetes.
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