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Summary
Paradoxically, morbid obesity was suggested to protect from cardio-
vascular co-morbidities as compared to overweight/obese patients. 
We hypothesise that this paradox could be inferred to modulation of 
the “endocannabinoid” system on systemic and subcutaneous adi-
pose tissue (SAT) inflammation. We designed a translational project 
including clinical and in vitro studies at Geneva University Hospital. 
Morbid obese subjects (n=11) were submitted to gastric bypass sur-
gery (GBS) and followed up for one year (post-GBS). Insulin resistance 
and circulating and SAT levels of endocannabinoids, adipocytokines 
and CC chemokines were assessed pre- and post-GBS and compared 
to a control group of normal and overweight subjects (CTL) (n=20). In 
vitro cultures with 3T3-L1 adipocytes were used to validate findings 
from clinical results. Morbid obese subjects had baseline lower insulin 
sensitivity and higher hs-CRP, leptin, CCL5 and anandamide (AEA) 
 levels as compared to CTL. GBS induced a massive weight and fat 

mass loss, improved insulin sensitivity and lipid profile, decreased 
C-reactive protein, leptin, and CCL2 levels. In SAT, increased 
 expression of resistin, CCL2, CCL5 and tumour necrosis factor and re-
duced MGLL were shown in morbid obese patients pre-GBS when 
compared to CTL. GBS increased all endocannabinoids and reduced 
adipocytokines and CC chemokines. In morbid obese SAT, inverse cor-
relations independent of body mass index were shown between pal-
mitoylethanolamide (PEA) and N-oleoylethanolamide (OEA) levels 
and inflammatory molecules. In vitro, OEA inhibited CCL2 secretion 
from adipocytes via ERK1/2 activation. In conclusion, GBS was associ-
ated with relevant clinical, metabolic and inflammatory improve-
ments, increasing endocannabinoid levels in SAT. OEA directly reduced 
CCL2 secretion via ERK1/2 activation in adipocytes.
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Blood Cells, Inflammation and Infection

Introduction

Although some recent controversies on the paradoxical cardiovas-
cular protection in subjects with an extreme stage of obesity (1, 2), 
this disease has been described as a pandemic condition that has 
to be treated also by surgical strategies to reduce the associated 
cardio-metabolic risk (3). The reduction of body weight and fat 
mass was shown to improve systemic inflammation underlying 
metabolic and cardiovascular co-morbidities in obese subjects (4). 

Several soluble molecules produced by visceral, perivascular or 
subcutaneous adipose tissues (SAT) and released in the circulation 
were shown to accelerate arterial dysfunction, atherogenesis and 
increase insulin resistance (5–7). To further complicate this panel, 
elevated plasmatic levels of endogenous cannabinoids (endocan-
nabinoids) were also shown to be associated with coronary dys-
function in obesity and atherosclerotic plaque vulnerability 
(8–10). The “endocannabinoid” system is composed of active mol-
ecules (such as anandamide N-arachidonoylethanolamide [AEA], 
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2-arachidonoylglycerol [2-AG], N-palmitoylethanolamide [PEA], 
N-oleoylethanolamide [OEA]) that bind transmembrane (can-
nabinoid receptor type 1 (CB1) and –2 (CB2), GPR55, GPR119) or 
intracellular (PPAR-alpha) receptors and are degraded by enzymes 
(fatty acid amide hydrolase [FAAH] and monoacylglycerol lipase 
[MGLL]) (11). The role of this system on SAT inflammation in 
morbid obesity and weight loss after gastric bypass surgery (GBS) 
remains to be elucidated. Here, we aimed at investigating the sys-
temic and SAT expression of the endocannabinoid system in mor-
bid obese patients before and one year after GBS as compared to a 
control group of normal body weight or overweight subjects. 
Then, we assessed potential correlations between systemic and 
SAT levels of endocannabinoids and inflammatory biomarkers 
(such as insulin, adipocytokines and CC chemokines). Finally, we 
explored in vitro on cultured adipocytes if stimulation with endoc-
annabinoids might directly affect the release of inflammatory mol-
ecules and the activation of underlying intracellular pathways.

Methods
Study population and design

This is a pilot, prospective, longitudinal case-control study, enrol-
ling eleven subjects (cases: 7 females, 4 males) with morbid obesity 
(defined as body mass index [BMI] ≥ 40 kg/m2) pre- and post-
 gastric bypass surgery (GBS) and a control group (control: 9 fe-
males, 11 males) of normal body weight or overweight subjects 
(BMI < 30 kg/m2) (8). All subjects enrolled had no arterial hyper-
tension (blood pressure < 140/90 mmHg), smoking, and diabetes 
mellitus (fasting plasma glucose obtained on more than two occa-
sions ≤ 126 mg/dl). Similarly to previous studies by our group (8, 9, 
12), all cases and controls underwent an initial screening visit that 
comprised a physical examination, electrocardiogram (ECG), 
blood pressure measurements, euglycaemic hyperinsulinaemic 
clamp test, routine blood chemistry as well as plasma and serum 
sampling in a fasting state. Exclusion criteria were: taking any car-
diac or vasoactive medication (such as angiotensin-converting 
enzyme inhibitors, angiotensin II receptor blockers, calcium chan-
nel blockers, statins, or beta-blockers), any history of variant angi-
na, family history of premature coronary artery diseases or clini-
cally manifest cardiovascular disease. Exclusively morbid obese 
subjects underwent to GBS within one month from first visit. The 
standard operation involved Roux-en-Y gastric bypass surgery 
with an isolated gastric pouch < 2 ounces and a 100 cm distal 
bowel limb. One year post-GBS, morbid obese subjects were sub-
mitted to a final physical examination, ECG, blood pressure 
measurements, euglycaemic hyperinsulinaemic clamp test, SAT 
biopsy, routine blood chemistry as well as plasma and serum sam-
pling in a fasting state. Nobody between these morbid obese pa-
tients rejected the consent to any of these procedures after GBS. 
The study protocol was approved by the local ethical committee. 
All participants gave their written informed consent before study 
enrolment.

Measurement of cardiometabolic and anthropometric 
parameters

Sitting blood pressure and heart rate are the mean values of three 
measurements (OMRON 705 cp, OMRON Healthcare Europe, 
The Netherlands). Waist circumference was measured at the mid-
point between the iliac crest and costal margin, while the hip cir-
cumference was taken at the widest point around the hips. Fat 
mass, fat free mass and lean body mass were measured by dual-
energy X-ray absorptiometry.

Insulin sensitivity

Insulin sensitivity was evaluated by euglycaemic hyperinsuli-
naemic clamp (13). Insulin was continuously infused at a rate of 
240 pmol·min–1·m–2, whereas a glucose solution (20 %) was in-
fused at variable rates in order to maintain a constant plasma glu-
cose concentration between 4.5 and 5.5 mmol/l. Plasma glucose 
was measured at 5– to 10-minute (min) intervals to ensure it re-
mained within the target glucose concentration. The steady-state 
period (for calculation of insulin sensitivity) was between 80 min 
to 120 min. Glucose uptake, measured during the steady state peri-
od, was expressed in mmol/kg fat free mass/min (mmol/kg ffm/
min).

Inflammatory markers and lipid profile assessment

Human serum CCL2, CCL5, resistin and leptin were measured by 
colourimetric enzyme-linked immunosorbent assay (R&D Sys-
tems, Minneapolis, MN, USA), following manufacturer’s instruc-
tions. The limits of detection were 15.6 pg/ml for CCL2, 15.60 pg/
ml for CCL5, 31.25 pg/ml for resistin, 31.25 pg/ml for leptin. Mean 
intra- and inter-assay coefficients of variation (CV) were below 
8 % for all markers.

Mouse resistin, CCL2, and CCL5 in adipocyte supernatants 
were measured by colourimetric enzyme-linked immunosorbent 
assay (R&D Systems), following manufacturer’s instructions. The 
limits of detection were 15.6 pg/ml for resistin, 3.91 pg/ml for 
CCL2 and 31.2 pg/ml CCL5. Mean intra- and inter-assay coeffi-
cients of variation (CV) were below 6 % for all markers.

Total cholesterol, high-density lipoprotein cholesterol (HDL-c) 
and triglycerides were measured by Roche enzymatic colouri -
metric methods for modular systems (Hoffmann La-Roche Ltd, 
Basel, Switzerland). Low-density lipoprotein cholesterol (LDL-c) 
concentration was calculated by the Friedewald formula (14). Glu-
cose, insulin and high sensitivity-C-reactive protein (hs-CRP) 
were routinely measured.

Endocannabinoids measurement

Endocannabinoid plasma levels in humans were determined from 
peripheral arm vein blood samples. AEA, 2-AG, OEA and PEA 
were extracted from 100 µl of human plasma by liquid–liquid 
extraction and separated by liquid chromatography (Ultimate 
3000 RS, Dionex, CA, USA). Analyses were performed on a 5500 
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QTrap (triple quadrupole/linear ion trap) mass spectrometer 
equipped with a TurboIon-SprayTM interface (AB Sciex, Concord, 
ON, Canada) (9, 15). In human SAT, the EC concentrations were 
measured as described above, with the exception 20 mg of tissue 
that was homogenised by a ball mill during LLE. The adipose tis-
sue samples were obtained by needle biopsy. The abdominal re-
gion at the level of the left lower quadrant was sterilized, and 5 ml 
2 % lidocaine without adrenalin was injected for local anesthesia. 
The biopsy was made by a 14-gauge needle connected to a 50 ml 
syringe. Fat tissue was aspirated as suction was applied while the 
syringe and needle were repeatedly rotated. Five to eight ml of fat 
and fluid were aspirated, washed, and immediately placed in liquid 
nitrogen at –180 °C.

Real-time PCR

Total RNA was isolated with Tri-reagent (MRC Inc.) from speci-
mens of human SAT and mice differentiated 3T3-L1 cells. Reverse 
transcription was performed using the ImProm-II Reverse Tran-
scription System (Promega, Madison, WI, USA) according to the 
manufacturer’s instructions. Real-time PCR (StepOne Plus, Ap-
plied Biosystems, Foster City, CA, USA) was performed with the 
ABsolute™ QPCR Mix (ABgene). Specific human primers and 
probes (Suppl. Table 1, available online at www.thrombosis-online.
com) were used to determine the mRNA expression of FAAH, 
MGLL, CB1 and CB2 receptors, human PPARα, leptin, leptin re-
ceptor, resistin CCL2, CCL5, tumour necrosis factor (TNF), and 
RPS13 (housekeeping gene). Specific mouse primers and probes 
(Suppl. Table 2, available online at www.thrombosis-online.com) 
were also used to determine the mRNA expression of Fabp4 and 
HPRT (housekeeping gene). The fold change of mRNA levels was 
calculated by the comparative Ct method. The resultant Ct values 
were first normalised to the internal control. This was achieved by 
calculating a delta Ct (ΔCt) by subtracting the internal control Ct 
values from the RPS13 or HPRT Ct value. A delta delta Ct (ΔΔCt) 
was calculated by subtracting the designated control ΔCt value 
from the other ΔCt values. The ΔΔCt was then plotted as a relative 
fold change with the following formula: 2-ΔΔCt.

Cell differentiation and culture

The immortalised cell line 3T3-L1 of murine fibroblasts was stored 
in liquid nitrogen, at -120ºC until thawed, plated and grown in 
DMEM-HG (Dulbecco’s Modified Eagle Medium high glucose, 
Gibco, Life Technologies, Carlsbad, CA, USA) culture medium 
supplemented with 10 % new born calf serum (10 % NBCS, 
Gibco). On reaching confluence, the cells were harvested after 
trypsinisation and distributed into 6- or 12-well plates. The fibrob-
lasts were grown to 100 % confluence, at which time differentiation 
into adipocytes step then initiated, according to a modified estab-
lished protocol (16). In order to induce 3T3-L1 cell differentiation 
into adipocytes, the culture medium was substituted with DMEM-
HG medium containing 10 % fetal bovine serum (FBS), 5 µg/ml 
insulin (Sigma-Aldrich, Saint Louis, MO, USA), 1 µM dexametha-
sone (Sigma) and 500 µM 3-isobutyl 1-methylxanthine (IBMX, 

Sigma). After 72 hours (h) of incubation, differentiation medium 
was replaced by DMEM-HG medium containing 10 % of FBS and 
5 µg/ml insulin. This medium was refreshed every 2–3 days and 
after 7–10 days, about 80 % of the fibroblasts had differentiated 
into adipocytes. The formation of lipid droplets and the increase of 
the fatty acid binding protein-4 (Fabp4) (17), characteristics of 
3-T3-L1 cell differentiation into adipocytes, were confirmed by Oil 
Red O (Sigma) staining and real-time PCR (Suppl. Table 2, avail-
able online at www.thrombosis-online.com).

In parallel experiments, after 12-h starvation in serum-free 
DMEM supplemented with antibiotics, differentiated 3T3-L1 adi-
pocytes were incubated for 0–1 h (time-course experiments) or 24 
h (secretion experiments) in the presence of different concen-
trations (10–7 M to 10–5 M) from of endocannabinoids AEA, OEA, 
PEA and 2-AG (Cayman Chemical Company, Ann Arbor, USA) 
in serum-free DMEM-HG with antibiotics. The kinase inhibitors 
LY294002 (PI3K inhibitor, at 1 µM, from Sigma-Aldrich), U0126 
(MEK inhibitor, at 0.1 µM, from Biomol Research Laboratories, 
Inc., Plymouth Meeting, PA, USA) and WP1066 (Stat3 inhibitor, at 
10 µM, from Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
were pre-incubated for 1 h before the administration of endocan-
nabinoids. After the stimulations, conditioned media and cells 
were collected and stored at – 80 °C until further analyses. In all 
experimental conditions, we observed by trypan blue (Sigma) 
 exclusion that cell viability was near 100 % (data not shown).

PCR

Total RNA was extracted from 3T3-L1 cells and adipocytes with 
Tri-reagent (MRC Inc.) following the manufacturer’s instructions. 
The concentration and purity of RNA were determined spectrop-
hotometrically, and cDNA was prepared from 500–1000 ng total 
RNA using the ImProm-II Reverse Transcription System (Pro-
mega) as suggested by the manufacturer. Amplification by PCR 
was performed in a Peqstar thermocycler (Peqlab, Erlangen, Ger-
many), using CNR1, CNR2, GPR55, GPR119, PPARA and HPRT 
(house-keeping gene) specific primers (Suppl. Table 2, available 
online at www.thrombosis-online.com). After 35 PCR cycles, am-
plicons were analyzed by electrophoresis on a 2 % agarose gel.

Western blot analysis

Proteins from 3T3-L1 adipocytes were extracted in lysis buffer 
containing 50 mM Tris–HCl pH 8.0, 150 mM NaCl, 1 % NP40, 
0.05 % SDS, 10 mM NaF, 1 mM PMSF, 2 mM Na3VO4, and com-
plete protease inhibitor cocktail tablet (Roche, Basel, Switzerland). 
Proteins (10–20 µg per lane) were electrophoresed through polyac-
rylamide/SDS gels and transferred by electroblotting onto PVDF 
membranes. Membranes were blocked for 1 h in 5 % (w/v) nonfat 
milk before O/N incubation with appropriate dilutions of primary 
phospho-specific anti-mouse ERK 1/2 (R&D Systems), anti-mouse 
AKT (Santa Cruz Biotechnology) or anti-mouse STAT-3 serine 
472 or tyrosine 705 antibodies (both from Cell Signaling Technol-
ogy, Danvers, MA, USA), as well as corresponding secondary anti-
bodies. The blots were developed using the ECL system 
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 (Immobilion™ Western, Millipore, Billerica, MA, USA). To verify 
equal loading of the total proteins, membranes were stripped (for 
15 min at 50 C in Tris–HCL pH 6.7, 2 % SDS and 0.1 M β-mercap-
toethanol), reblocked and reprobed to detect total ERK 1/2 (R&D 
Systems), AKT (Santa Cruz Biotechnology) or STAT-3 (Cell Sig-
naling Technology). Relative intensities were calculated by divid-
ing the phosphorylated protein through the total protein.

Statistical analyses

Pearson’s Chi-square test or Fisher’s exact test, when appropriate, 
for the comparison of qualitative variables and Mann-Whitney 
nonparametric test (the normality assumption of the variables’ dis-
tribution in both groups was violated) for comparisons of continu-
ous variables were used to compare differences between Controls 
and Pre-GBS. Wilcoxon test for related samples was used for ana-
lysing differences between Pre-GBS and Post-GBS. Qualitative 
variables for in clinical and laboratory data of human results were 
expressed as absolute frequencies. Quantitative continuous vari-
ables were expressed as medians (interquartile range [IQR]: 25th to 
75th percentile: quartile 1, quartile 3). Linear relationships among 
SAT endocannabinoids and SAT mRNA inflammatory molecule 
expression (ΔCt) were computed by Spearman’s correlations. 
Multivariable analysis was performed with the linear regression 
model. In vitro results were expressed as mean ± SEM or medians 
(IQR). One-way ANOVA was used for multiple group compari-
son, while Mann-Whitney nonparametric test for two group com-
parison. All statistical analyses were performed with the STATA 
software (v.10, Stata Corporation, College Station, TX, USA). 
Values of p< 0.05 (two-tailed) were considered significant.

Results
GBS is associated with improvements in clinical and 
metabolic features in morbid obese patients

Differences on anthropometrical characteristics, metabolic and in-
flammatory serum profile, and plasma endocannabinoids between 
controls and baseline morbid obese patients (pre-GBS) and be-
tween pre-GBS and one-year post-GBS were detailed in ▶ Table 1. 
No difference on age and sex were shown between CTL and mor-
bid obese subjects (▶ Table 1). As an additional control of patient 
characteristics, CTL (normal and overweight patients) has signifi-
cantly reduced BMI, fat mass, waist and hip circumferences as 
compared to baseline morbid obese (pre-GBS) (▶ Table 1). Base-
line fasting serum levels of glucose, total cholesterol, LDL-c, 
HDL-c and triglycerides were similar in CTL and pre-GBS morbid 
obese patients (▶ Table 1). As expected, the pre-GBS group 
showed lower insulin sensitivity and higher fasting insulin levels as 
compared to CTL. GBS in morbid obese subjects induced a massif 
weight loss (BMI: 43.3 kg/m2 [41.2–44.7] vs 27.9 kg/m2 
[25.7–32.1]), with decrease of fat mass (50 % [47–54] vs 30 % 
[25–34]), and both waist (122 cm [109–131] vs 92 cm [84–102]) 
and hip circumferences (130 cm [124–134] vs 106 cm [100–114]) 
(▶ Table 1). On the other hand, GBS in morbid obese was shown 

to exclusively reduce total cholesterol and LDL-c serum levels at 
one-year follow up (in post-GBS as compared to pre-GBS) 
(▶ Table 1). The alterations in insulin-related parameters in mor-
bid obese pre-GBS were significantly improved one year post-GBS 
(▶ Table 1).

GBS is associated with partial reduction in systemic 
inflammatory biomarkers, but does not affect  
endo cannabinoid serum levels

Considering circulating levels of endocannabinoids and inflam-
matory biomarkers potentially related with adipose tissue inflam-
mation in obesity (18), CTL and morbid obeses pre-GBS had com-
parable plasma levels of endocannabinoids, except for AEA levels 
that were increased in pre-GBs group. Pre-GBS morbid obese 
group had increased serum levels of CRP, leptin, and CCL5 as 
compared to CTL. No difference between CTL and pre-GBS was 
reported in CCL2 levels, while a significant reduction in resistin 
levels was shown in pre-GBS as compared to CTL. GBS did not 
alter endocannabinoid circulating levels in morbid obesity, show-
ing similar levels in the pre-GBS and post-GBs group (▶ Table 1). 
Post-GBS patients had decreased levels of CRP, leptin, CCL2, 
CCL5 and increased serum resistin as compared to pre-GBS 
(▶ Table 1).

GBS is associated with enhancement of endocanna -
binoid levels and reduction in inflammatory molecule 
expression in SAT

In SAT, no significant differences were shown in AEA, 2-AG, PEA 
and OEA levels between CTL and pre-GBS groups (▶ Figure 
1 A-D). Post-GBS group had significant increases in all endocan-
nabinoid SAT levels as compared to pre-GBS (▶ Figure 1 A-D). 
Considering endocannabinoid degrading enzymes, CTL and pre-
GBS groups had similar mRNA expression levels of FAAH (Suppl. 
Figure 1A, available online at www.thrombosis-online.com). How-
ever, MGLL mRNA levels were reduced in pre-GBS morbid obeses 
when compared to CTL (Suppl. Figure 1B, available online at 
www.thrombosis-online.com). Interestingly, in patients post-GBS, 
the mRNA levels of FAAH and MGLL were reduced when com-
pared to pre-GBS (Suppl. Figure 1A and B, available online at 
www.thrombosis-online.com). Regarding endocannabinoid recep-
tors, we focused on CB1, CB2 and PPAR-alpha mRNA expression 
(19–21). No difference was observed in the expression of these 
three receptors between CTL and pre-GBS morbid obeses (Suppl. 
Figure 2A-C, available online at www.thrombosis-online.com). 
Post-GBS group had significant reduction in both CB1 and PPAR-
alpha mRNA expression as compared to CTL and significant re-
duction in PPAR-alpha mRNA as compared pre-GBS (Suppl. Fig-
ure 2A and C, available online at www.thrombosis-online.com). 
No effect was induced by GBS on CB2 mRNA expression (Suppl. 
Figure 2B, available online at www.thrombosis-online.com). Con-
sidering inflammatory molecules in SAT, no differences were 
shown in leptin and leptin receptor mRNA levels between CTL 
and pre-GBS (Suppl. Figure 3A and B, available online at 
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 www.thrombosis-online.com). In contrast, resistin mRNA ex-
pression levels were increased of pre-GBS morbid obeses as com-
pared to CTL (Suppl. Figure 3C, available online at www.thrombo
sis-online.com). Interestingly, both leptin and resistin levels were 
reduced in post-GBS as compared to pre-GBS (Suppl. Figure 3A 
and C, available online at www.thrombosis-online.com). CC che-
mokines (CCL2 and CCL5) and pro-inflammatory cytokines 
(TNF) were up regulated in SAT of morbid obese pre-GBS as com-
pared to CTL (▶ Figure 2 A-C). SAT levels of these three inflam-
matory molecules were abrogated in post-GBS as compared to 
pre-GBS (▶ Figure 2 A-C). Strikingly, post-GBS mRNA levels of 
TNF were lower than in CTL (▶ Figure 2 C). Finally, we explored 
potential correlation between endocannabinoid concentrations 
and inflammatory mediator mRNA expression in human SAT. 

First, baseline values of morbid obese (pre-GBS, n=11) and CTL 
(n=20) were included in these calculations (Suppl. Tables 3 and 4, 
available online at www.thrombosis-online.com). Then, SAT valu-
es of morbid obese (pre-GBS and post-GBS, n=22) were also in-
vestigated (▶ Table 2 and ▶ Table 3). As a parameter for mRNA 
gene expression we used ΔCT values defined as the distance be-
tween cycles of the target and hosekeeping genes, as previously 
performed (22). Thus, high ΔCT value represents a low expression 
of the target gene. At baseline in pre-GBS and CTL, SAT levels of 
AEA correlated inversely with SAT resistin ΔCT (r=-0.38, p=0.04), 
while 2-AG levels did not correlate with any of the parameter as-
sessed (Suppl. Table 3, available online at www.thrombosis-online.
com). SAT PEA and OEA levels positively correlated with resistin 
ΔCT, CCL2 ΔCT and CCL5 ΔCT, indicating that high levels of 

Characteristics

Clinical

Age, years (IQR)

Males, n (%)

BMI§, kg/m2 (IQR)

Fat mass, % (IQR)

Waist circumference, cm (IQR)

Hip, cm (IQR)

Serum metabolic and lipid profile 

Fasting glucose, mg/dl (IQR)

Fasting insulin, mUI/l (IQR)

M/Insulin value, mmol/min/kg ffm/mmol ins (IQR)

Cholesterol, mg/dl (IQR)

LDL-c||, mg/dl (IQR)

HDL-c#, mg/dl (IQR)

Triglycerides, mg/dl (IQR)

Plasma endocannabinoids

AEA**, ng/ml (IQR)

2-AG††, ng/ml (IQR)

PEA‡‡, ng/ml (IQR)

OEA§§, ng/ml (IQR)

Serum inflammatory biomarkers

hs-CRP||||, mg/l (IQR)

Leptin, ng/ml (IQR)

Resistin, ng/ml (IQR)

CCL2, pg/ml (IQR)

CCL5, ng/ml (IQR)

Continuous variables are expressed as median (interquartile range [IQR]). * CTL: controls. † Pre-GBS: before gastric bypass surgery. ‡ Post-GBS: after gastric bypass 
surgery. § BMI: body mass index. || LDL-c: low-density lipoprotein cholesterol. # HDL-c: high-density lipoprotein cholesterol. ** AEA: anandamide.  
†† 2-AG: 2-arachidonoylglycerol. ‡‡ PEA: N-palmitoyl-ethanolamide. §§ OEA: Oleoylethanolamide. |||| hs-CRP: high sensitivity C-reactive protein. 

CTL* (n=20)

40 (33–47)

11 (55.0)

25.2 (22.0–26.7)

23 (19–27)

80 (72–91)

95 (91–99)

99.1 (91.9–106.3)

4.4 (1.9–8.1)

11.3 (9.9–13.4)

207 (181–238)

126 (116–146)

49 (41–61)

83 (53–118)

0.52 (0.48–0.67)

1.82 (0.67–5.40)

2.56 (2.40–3.00)

2.46 (2.07–2.85)

0.9 (0.9–3.0)

11.2 (5.3–25.1)

8.1 (6.0–15.1)

44.6 (30.1–74.4)

33.4 (20.8–54.7)

Pre-GBS† (n=11)

35 (32–42)

4 (36.4)

43.3 (41.2, 44.7)

50 (47–54)

122 (109–131)

130 (124–134)

95.5 (84.7–102.7)

22.0 (21.1–28.5)

4.8 (4.4–5.8)

197 (176–207)

124 (108–144)

43 (40–47)

98 (64–155)

0.71 (0.59–0.80)

3.53 (1.30–7.70)

2.84 (2.50–3.12)

2.40 (2.28–2.97)

8.5 (3.3–11.9)

122.1 (81.2–153.1)

3.8 (1.9–5.5)

46.1 (25.0–60.3)

59.7 (42.2–90.7)

P-value vs 
CTL

0.444

0.109

<0.0001

<0.0001

<0.0001

<0.0001

0.948

0.011

0.002

0.562

0.703

0.201

0.330

0.009

0.173

0.311

0.522

0.001

0.001

0.007

0.647

0.042

Post-GBS‡ (n=11)

-

4 (36.4)

27.9 (25.7–32.1)

30 (25–34)

92 (84–102)

106 (100–114)

87.3 (85.5–105.5)

4.1 (1.9–15.2)

8.7 (6.3–9.6)

144 (117–164)

78 (59–87)

49 (40–62)

75 (52–102)

0.69 (0.48–0.91)

2.06 (0.98–9.01)

2.17 (1.83–2.72)

2.86 (2.73–3.69)

1.5 (0.9–2.6)

4.3 (3.2–17.2)

9.3 (6.7–12.5)

15.6 (15.6–15.6)

22.2 (14.6–27.5)

P-value vs 
Pre-GBS

-

-

0.001

0.0002

0.001

0.001

0.848

0.004

0.009

0.027

0.010

0.391

0.391

0.896

0.491

0.066

0.158

0.018

0.004

0.03

0.003

0.008

Table 1: Characteristics of the study population.
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PEA and OEA in SAT are associated with low mRNA expression 
levels of resistin and CC chemokines (Suppl. Table 3, available on-
line at www.thrombosis-online.com). Univariate linear regression 
model confirmed positive association between SAT PEA and OEA 
and inflammatory molecules (Suppl. Table 4, available online at 
www.thrombosis-online.com). Multivariate analysis adjusted for 
age, gender and BMI did not confirm any significant association 
between SAT endocannabinoids and mRNA expression levels of 
resistin and CC chemokines, indicating that these parameters are 
important confounding factors in a cohort enrolling morbid obese 
patients pre-GBS and CTL (Suppl. Table 4, available online at 
www.thrombosis-online.com). Considering these associations in 
morbid obese patients pre- and post-GBS, significant positive as-

sociations between SAT PEA and OEA levels and resistin ΔCT, 
CCL2 ΔCT and CCL5 ΔCT were showed (▶ Table 2). SAT OEA 
also positively correlated with leptin ΔCT, indicating that high 
SAT levels of endocannabinoids were better associated with low 
mRNA expression levels of several inflammatory molecules in 
morbid obese patients pre- and post-GBS (▶ Table 2). Linear re-
gression model confirmed these associations also when adjusted 
for age, gender and body mass index, indicating that SAT PEA and 
SAT OEA levels in morbid obese subjects pre- and post-GBS were 
associated with low mRNA expression levels of inflammatory mol-
ecules independently of these potential confounding factors 
(▶ Table 3).

Figure 1: GBS is associated with increased SAT levels of endocan-
nabinoids. Levels of endocannabinoids AEA (A), 2-AG (B), PEA (C), OEA (D) 
in human SAT of controls (CTL, n=20), morbid obese patients before gastric 
bypass surgery (GBS) (Pre-GBS, n=11) and morbid obese patients after GBS 

(Post-GBS, n=11), were determined by mass spectrometry after liquid–liquid 
extraction and separation by liquid chromatography. Data are expressed as 
medians (interquartile range). *** p< 0.001.
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Among different endocannabinoids, OEA reduces 
CCL2 in vitro secretion from adipocytes via activation 
of ERK1/2-mediated pathways

Based upon our clinical results, we tested whether PEA and OEA 
could behave as anti-inflammatory molecules by down regulating 
secretion of resistin, CCL2 and CCL5 in cultured adipocytes. In all 
experimental conditions, we did not show any effect on cell viabil-
ity that was near 100 % (trypan blue staining, data not shown). We 

used a validated in vitro model of murine adipocytes, differenti-
ated from 3T3-L1 cells, as previously described (23). Adipocyte 
differentiation was verified by testing Fabp mRNA expression and 
by Oil Red O staining (Suppl. Figure 4A and B, available online at 
www.thrombosis-online.com). Adipocytes displayed a significant 
Fabp mRNA up regulation and were positive at Oil Red O staining 
as compared to undifferentiated 3T3-L1 cells (Suppl. Figure 4A 
and B, available online at www.thrombosis-online.com). Similarly 
to 3T3-L1 cells, adipocytes were shown to express CB type 1 recep-

Figure 2: GBS is associated with reduction in SAT mRNA levels of 
CCL2, CCL5 and TNF. mRNA levels of CCL2 (A), CCL5 (B) and TNF (C) in 
human SAT of controls (CTL, n=20), morbid obese patients before gastric by-
pass surgery (GBS) (Pre-GBS, n=8) and morbid obese patients after GBS 
(Post-GBS, n=9), were determined by real time RT-PCR. Relative expression 

normalised to RPS13 (housekeeping gene) was calculated with the com-
parative Ct method and shown as fold change of mRNA levels. Data are ex-
pressed as medians (interquartile range). * p< 0.05; ** p< 0.01; *** 
p< 0.001.
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Table 2: Spearman rank correlation between levels of endocannabi-
noids and inflammatory mediators in human SAT in morbid obese 
 patients pre-GBS and post-GBS.

SAT PEA*

resistin mRNA, DCT

Age, years

Gender, male

BMI†

SAT PEA

CCL2 mRNA, DCT

Age, years

Gender, male

BMI

SAT PEA

CCL5 mRNA, DCT

Age, years

Gender, male

BMI

SAT OEA‡

resistin mRNA, DCT

Age, years

Gender, male

BMI

SAT OEA

CCL2 mRNA, DCT

Age, years

Gender, male

BMI

SAT OEA

CCL5 mRNA, DCT

Age, years

Gender, male

BMI

* PEA: N-palmitoyl-ethanolamide. † BMI: body mass index. ‡ OEA: oleoyletha-
nolamide.

Univariate model

β

3.76

-023

7.98

0.03

4.62

4.23

5.62

-0.22

9.26

-0.07

9.35

4.89

P-value

0.001

0.50

0.15

0.91

0.025

0.001

<0.001

0.47

0.05

0.73

<0.001

0.009

Multivariate model

β

3.42

-0.06

-1.22

-0.11

3.37

0.08

-0.53

-0.17

4.27

0.23

2.68

-0.10

4.33

0.01

-0.85

-0.34

7.52

0.20

2.07

-0.28

4.07

0.32

2.41

-0.41

P-value

0.01

0.78

0.76

0.52

0.19

0.73

0.91

0.40

0.004

0.25

0.51

0.49

0.01

0.98

0.87

0.11

0.01

0.44

0.70

0.20

0.04

0.26

0.67

0.07

Table 3: Linear regression between PEA and OEA and mRNA 
 expression levels of resistin, CCL2 and CCL5 in SAT in morbid obese 
patients pre- and post-GBS.

SAT AEA*

vs leptin mRNA, DCT

vs resistin mRNA, DCT

vs CCL2 mRNA, DCT

vs CCL5 mRNA, DCT

SAT 2-AG†

vs leptin mRNA, DCT

vs resistin mRNA, DCT

vs CCL2 mRNA, DCT

vs CCL5 mRNA, DCT

SAT PEA‡

vs leptin mRNA, DCT

vs resistin mRNA, DCT

vs CCL2 mRNA, DCT

vs CCL5 mRNA, DCT

SAT OEA§

vs leptin mRNA, DCT

vs resistin mRNA, DCT

vs CCL2 mRNA, DCT

vs CCL5 mRNA, DCT

* AEA: anandamide. † 2-AG: 2-arachidonoylglycerol. ‡ PEA: N-palmitoyl-etha-
nolamide. § OEA: oleoylethanolamide.

Spearman’s 
 correlation 
 coefficient (r)

0.29

0.60

0.38

0.61

0.57

0.35

0.53

0.41

0.38

0.67

0.48

0.60

0.53

0.74

0.73

0.59

P-value

0.18

0.003

0.07

0.002

0.004

0.10

0.009

0.04

0.07

<0.001

0.02

0.003

0.01

<0.001

<0.001

0.003

Montecucco, Lenglet et al. Adipose tissue inflammation in morbid obesity

tor and cannabinoid orphan receptors (GPR55 and GRP119), but 
not CB type 2 receptor (Suppl. Figure 4C, available online at www.
thrombosis-online.com). On the other hand, only differentiated 
adipocytes were shown to express PPAR-alpha (a validated recep-
tor for endocannabinod-like compounds) (Suppl. Figure 4C, avail-
able online at www.thrombosis-online.com). Stimulation with dif-
ferent concentrations of endocannabinoids (i. e. AEA and 2-AG) 
or the endocannabinoid-like compounds PEA and OEA did not 
affect resistin secretion (Suppl. Figure 5A-D, available online at 
www.thrombosis-online.com). All supernatants were below the 
low range limit of detection (31.25 pg/ml) for CCL5 (data not 
shown). Also, incubation with different concentrations of endoc-
annabinoids (i. e. AEA and 2-AG) or the endocannabinoid-like 
compound PEA did not affect CCL2 secretion in cultured adipo-
cytes (▶ Figure 3 A-C). On the contrary, stimulation with OEA 
dose-dependently inhibited CCL2 release from culture adipocytes 
(▶ Figure 3 D). In order to identify the potential pathways in-
volved in OEA-mediated inhibition of inflammatory molecule re-
lease, we investigated the intracellular kinases Akt, Stat3 and 

ERK1/2 (24, 25). Incubation with the effective concentration of 
OEA (10–5 M) for up to 60 min did not induce any phosphory-
lation on Akt and Stat3 (Suppl. Figure 6A-D, available online at 
www.thrombosis-online.com). On the other hand, stimulation 
with OEA for 2–15 min markedly activated ERK1/2 phosphory-
lation (▶ Figure 4 A-C). Accordingly, pre-incubation with 
LY294002 (PI3K/Akt inhibitor) or WP1066 (Stat3 inhibitor) did 
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not affect OEA-mediated inhibition of CCL2 release (▶ Figure 5). 
However, pre-incubation with U0126 (MEK 1/2 inhibitor, a kinase 
directly activating EKR1/2) abrogated OEA-mediated effects on 
release of both mediators (▶ Figure 5). These results suggest that 
OEA-mediated inhibition of CCL2 release from culture adipocytes 
is dependent on ERK1/2-mediated pathways and does not affect 
phosphorylation of Akt and Stat3.

Discussion

The main results from this translational research highlighted a 
critical role for the endocannabinoid OEA in the inhibition of 
CCL2 release in adipocytes via activation of an intracellular path-
way dependent on ERK1/2. Importantly, this endocannabinoid 
was markedly up regulated in SAT in subjects after GBS. Thus, this 
surgical procedure was shown to potentially play a beneficial role 
not only improving quality of life, metabolic and lipid profiles in 
morbid obese patients, but also reducing adipose tissue inflam-
mation and related cardiovascular risk (26). In the following sub-
paragraphs, we discussed on main items from clinical and basic re-
search approaches.

Clinical study

As expected, our study confirmed that GBS in morbid obese pa-
tients was associated with relevant clinical benefits on fat mass, in-
sulin resistance, lipid profile. Interestingly, we also showed marked 
improvements in systemic levels of CRP, adipocytokines and the 
CC chemokine CCL5. Post-GBS serum levels of inflammatory 
mediators were similar to those observed in the CTL group of nor-
mal body weight and overweight patients, indicating that this pro-
cedure could restore those inflammatory alterations associated 
with morbid obesity. Surprisingly, resistin serum levels were found 
to be reduced in morbid obese patients pre-GBS as compared to 
CTL or post-GBS. Those results are in contradiction with previous 
studies indicating that resistin serum concentrations are increased 
in obesity (27). The reason for this discrepancy is still elusive and 
could be related to several factors, such as different bioactivities in 
insulin resistance and extreme morbid obesity (28, 29). These 
speculations merit further confirmation in larger clinical trials in-
vestigating levels and activities of resistin in morbid obesity.

As a main clinical result, we did not confirm any increase of en-
docannabinoid levels in both plasma and SAT of morbid obese 
pre-GBS as compared to CTL. Several studies previously showed 
both activation and increase plasma and tissue levels of endocan-
nabinoids in obese humans (30, 31) and atherosclerotic mice (32). 
However, morbid obesity was often mixed with obese subjects and 
thus, underestimated as specific obesity category. Recent evidence 
by our research group showed that final endocannabinoid-me-
diated protection on cardiovascular vulnerability were more likely 
to be due to CB2 receptor up regulation rather than increase in 
plasma and intraplaque concentrations of endocannabinoids (22). 
Finally, different endocannabinoids were shown to exert dual 
(both protective and detrimental) activities depending on the sub-

Figure 3: OEA inhibits CCL2 release in vitro from adipocytes. Release 
of CCL2 in supernatants of cells incubated in polystyrene dishes in the pres-
ence or absence of control medium (CTL), or different concentrations of AEA 
(A), 2-AG (B), PEA (C), OEA (D). Data are expressed as mean ± SEM of per-
centage of CTL, defined as 100 %, n=12–14. *p< 0.05 vs CTL; **p< 0.01 vs CTL.

 A 

B

C

D
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class of cannabinoid receptors they bind to, on the organ involved 
as well as the subset of inflammatory cells considered (11). Impor-
tantly, we showed that GBS was associated with a marked increase 
in the concentration of AEA, 2-AG, PEA and OEA in SAT as com-
pared to pre-GBS samples in the same morbid obese patients. This 
general peak was potentially related with the concomitant modest 
down regulation of endocannabinoid degrading enzymes FAAH 
and MGLL in the same SAT samples. This endocannabinoid pro-
file in SAT from patients post-GBS was also accompanied with 
down regulation of CB1 and PPAR-alpha mRNA expression as 

well as abrogation of inflammatory molecules (such as leptin, re-
sistin, CCL2, CCL5 and TNF).

The different correlations between endocannabinoids and in-
flammatory molecules within human SAT suggested some poten-
tial pathophysiological mechanisms mediated by certain endocan-
nabinoids (i. e. PEA and OEA) reducing adipose tissue inflam-
mation. Considering that these associations were dependent on 
some critical confounding factors (such as age, gender and BMI) 
in a cohort enrolling both control and morbid obese subjects, but 
were independent when considering only morbid obese patients, 

Figure 4: OEA increases ERK1/2 phosphorylation in adipocytes. Rep-
resentative western blot (A) and densitometric analysis (B, C) of ERK1/2 
phosphorylation in the presence or absence of control medium (time 0), or 
OEA (time course: 2 min, 5 min, 15 min, 30 min and 60 min, all at 10–5 M). 

Values were normalised to total amounts of ERK1/2, respectively, and 
 expressed as percentage of control medium (time 0), defined as 1. Data are 
expressed as median (interquartile range) (n=11). *p< 0.05 vs time 0; 
**p< 0.01 vs time 0.
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our results only applied to morbid obese patients treated with 
GBS. Depending on its characteristics (white vs brown) and posi-
tion (perivascular vs omental vs subcutaneous) adipose tissue has 
been widely described as a major source of pro-inflammatory (in-
terleukin-6, TNF) and anti-inflammatory cytokines (adiponectin). 
However, targeting adipose tissue inflammation and infiltration of 
macrophage subsets in obesity is considered as a promising strat-
egy against the development of cardiovascular and metabolic dis-
orders (33). To clarify the clinical associations in our study, we in-
vestigated in vitro the role of endocannabinoids on adipocyte re-
lease of resistin, CCL2 and CCL5. Leptin secretion from cultured 
adipocytes was not tested in vitro due to lack of association with 
endocannabinoids.

In vitro study

To attend this goal we selected an in vitro model of adipocytes dif-
ferentiated from the murine cell line 3T3-L1. Although no activity 
was shown on resistin release for any of the different compounds 
and no significant release of CCL5 was detected in any sample, we 
were able to show that incubation with OEA dose-dependently re-
duced CCL2 secretion in adipocyte supernatants. OEA has been 
recently identified as a natural ligand for PPAR-alpha that is ca-
pable of triggering intracellular signal cascades (34). After demon-

strating the expression of PPAR-alpha in our differentiated adipo-
cytes, we supposed a selective anti-inflammatory activity mediated 
by OEA on adipocyte CCL2 release. Our data are in partial 
contrast with evidence from rat adipocytes, showing that OEA in-
duced detrimental effects via the inhibition of insulin actions im-
pairing cell glucose uptake (35). However, the in vitro cell models 
used in these studies are very different, allowing potential discrep-
ancies due to technical issues. In addition, our in vitro data are in 
agreement and partially explain clinical results, suggesting that our 
murine adipocytes might be an appropriate model to study human 
adipose tissue pathophysiology. The selective inhibitory role of 
OEA on CCL2 release has also a relevant pathophysiological im-
pact, since this CC chemokine is known to potently recruit mono-
cyte-macrophages within inflamed tissues, such as adipose tissue 
in obesity (33).

We finally investigated the intracellular pathways involved in 
OEA-mediated effects. Although stimulation with OEA did not af-
fect Akt and Stat3 activation, this compound increased ERK1/2 
phosphorylation in adipocytes within few minutes of exposure.

Accordingly, pre-incubation with the selective inhibitor or 
MEK1/2-ERK1/2 pathway abrogated OEA-mediated reduction of 
CCL2 secretion. These results showed that OEA-mediated in-
hibition of CCL2 secretion from murine adipocytes was depend-
ent on EKR1/2 activation, suggesting this intracellular pathway as 

Figure 5: OEA-mediated inhibition of CCL2 
release from adipocytes is abrogated by 
UO126 (inhibitor of MEK1/2, a kinase di-
rectly activating ERK1/2). Adipocytes were 
pre-incubated for 60 min in polystyrene dishes in 
the presence or absence of different concen-
trations of 1 µM LY294002, 10 µM WP1066 or 
0.1 µM UO126. Then, without washing, cells 
were stimulated with in the presence or the ab-
sence of 10–5 M OEA for additional 24 h. Data 
are expressed as median (interquartile range), 
n=10–17. *p< 0.05 vs absence of OEA; 
**p< 0.01 vs absence of OEA.

Montecucco, Lenglet et al. Adipose tissue inflammation in morbid obesity
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What is known about this topic?
• Obesity is a pandemic disease that increases the cardiovascular 

risk.

• Paradoxically, morbid obesity was suggested to protect from 
 cardiovascular co-morbidities as compared to overweight/obese 
patients.

What does this paper add?
• In morbid obese patients, gastric bypass (GBS) reduced body 

weight and fat mass and was associated with relevant improve-
ments in subcutaneous adipose tissue (SAT) inflammation, poten-
tially due to the increase in endocannabinoid levels.

• The endocannabinoid N-oleoylethanolamide (OEA) directly 
 reduced CCL2 secretion via ERK1/2 activation in adipocytes.

a potential therapeutic target for protective endocannabinoid-re-
lated strategies to reduce adipose tissue inflammation.

Study limitations and strength

There are limitations worthy to consider. It is important to note 
that the results reported were obtained from a relatively small 
sample size of eleven morbidly obese individuals undergoing gas-
tric-bypass for weight loss, which may not necessarily allow defi-
nite answers but may lend further promise for clinical and experi-
mental investigations in this emerging research field. In addition, 
we did not include morbid obese patients with metabolic co-mor-
bidities that represent the majority of morbid obese patients. Al-
though this approach limited relevance of our results to a selected 
population, we decided on this study design in order to investigate 
the effects of morbid obesity on adipose tissue inflammation with-
out any potential metabolic confounder. Another potential limi-
tation was represented by the fact that our sample collection was 
limited to SAT, but not visceral or perivascular fat. Considering the 
potential different activities of adipose tissues in obesity (36, 37), 
further investigations are needed to investigate the role of visceral 
and perivascular fat and their interactions with SAT. Finally, the 
demonstration that OEA reduced CCL2 production within adi-
pose tissue has a pathophysiological relevance with limited poten-
tial clinical implications. Additional clinical studies enrolling a 
bigger number of patients are needed to validate our findings and 
understand if OEA might be used as a potential biomarker of re-
duced SAT inflammation in morbid obesity. Conversely, the study 
is also unique in investigating the effects of GBS on expressions of 
endocannabinoids, adipocytokines, CCL2, CCL5, TNF and MGLL 
in SAT in morbid obesity at baseline and one year after GBS-in-
duced weight loss. SAT biopsies were surely less invasive than VAT 
sampling that was only acceptable at the moment of GBS, but not 
after a prolonged clinical follow up. The in vitro experiments were 
essential to confirm clinical results, showing mechanistic insight 
underlying clinical observation and conferring to our study the 
valuable aspect of a “translational” research.

Conclusion

This study confirmed that GBS is associated with relevant clinical 
and metabolic improvements in morbid obese subjects. This was 
accompanied by a marked amelioration of both serum and SAT 
inflammation and a surprising increase in SAT levels of endocan-
nabinoids. From clinical correlations within SAT parameters, PEA 
and OEA were identified as a potential anti-inflammatory mol-
ecules reducing adipose tissue inflammation. However, the fact 
that these associations were independent of age, gender and BMI 
only in morbid obese patients pre- and post-GBS, limited the po-
tential clinical relevance of these molecules as SAT inflammatory 
biomarkers. On the other hand, only OEA was able to dose-de-
pendently and selectively abrogate the in vitro release of CCL2 re-
lease from adipocytes via the activation of ERK1/2-mediated path-
ways. Considering the pivotal role of CCL2 on macrophage acti-
vation and recruitment (38), treatments potentially increasing lev-

els of the endocannabinoid-like compound OEA within adipose 
tissue might selectively improve detrimental activities of these cells 
in morbid obesity.
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