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ABSTRACT

The study aimed to investigate whether markers of endocannabinoid signaling differed 
between overweight men of South Asian and white Caucasian descent. We included 
overweight, prediabetic South Asian (n=10) and white Caucasian (n=10) men aged 
35-50 years. Plasma samples were analyzed for endocannabinoids, their congeners and 
lipids. In white adipose tissue (WAT) and skeletal muscle biopsies, mRNA expression of 
genes involved in the endocannabinoid system (ECS) was assessed using qRT-PCR. Fast-
ing lipid oxidation and glucose oxidation were determined with indirect calorimetry. 
Compared to white Caucasians, South Asians had higher levels of plasma 2-linoleoyl 
glycerol (p<0.01) and N-linoleoylethanolamine (p<0.05). Interestingly, in skeletal muscle 
of South Asians, expression of cannabinoid receptors CB1 and CB2 was 10-fold lower 
(p<0.001) and that of the endocannabinoid degradation enzyme FAAH2 was 5-fold 
lower (p<0.001) compared to white Caucasians. Expression of genes involved in the ECS 
in WAT were not different between the two ethnicities. After pooling of both ethnicities, 
plasma 2-AG positively correlated with plasma triglycerides (R=0.77, p<0.001) and lipid 
oxidation (R=0.55, p<0.05). Overweight South Asian men have higher plasma 2-linoleoyl 
glycerol and N-linoleoylethanolamine levels and lower expression of CB receptors and 
the endocannabinoid degradation enzyme FAAH2 in skeletal muscle compared to white 
Caucasians.
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INTRODuCTION

The prevalence of obesity and related diseases, such as type 2 diabetes (T2D), is rapidly 
increasing worldwide. Particularly in South Asians, constituting nearly one-fourth of 
the world’s population (1), an unfavorable metabolic profile consisting of obesity, dys-
lipidaemia and T2D, is highly prevalent (2). Moreover, South Asians have a higher risk 
of developing cardiovascular disease, resulting in high morbidity and mortality (3). It is 
generally thought that the increased susceptibility to metabolic disease of South Asians 
might be due to a disturbed energy metabolism (4).

The endocannabinoid system (ECS) is involved in maintaining energy balance by 
impacting on energy intake and expenditure as well as lipolysis (5). The ECS is present 
both centrally and in peripheral metabolic tissues, including the liver, pancreas, skeletal 
muscle, white adipose tissue (WAT) and brown adipose tissue (6). In skeletal muscle, en-
docannabinoids reduce glucose uptake and oxidative pathways (7, 8), thereby reducing 
energy expenditure. In WAT, endocannabinoids stimulate energy storage by increasing 
lipogenesis and adipogenesis (5, 9, 10). Thus endocannabinoid stimulation of skeletal 
muscle and WAT collectively results in a positive energy balance.

The ECS consists of G-protein-coupled cannabinoid receptors, i.e. type 1 and type 
2 (CB1 and CB2), the endogenous lipid ligands (endocannabinoids) and the enzymatic 
machinery for their synthesis and degradation. Anandamide (AEA) and 2-arachidonoyl-
glycerol (2-AG) are the most studied endocannabinoids and are synthesized on demand 
from their membrane lipids through the action of the biosynthetic enzymes N-acyl-
phosphatidyl-ethanolamine phospholipase D (NAPE-PLD) and diacylglycerol lipases 
(DAGL), respectively. Endocannabinoids are degraded by specific enzymes. Fatty acid 
amide hydrolase (FAAH1 and FAAH2) inactivates AEA and monoglycerol lipase (MAGL) 
hydrolyzes 2-AG. Arachidonic acid is a precursor molecule and metabolite for endocan-
nabinoids. AEA belongs to a family of bioactive N-acylethanolamines, which include 
N-linoleoylethanolamine, N-palmitoylethanolamine, N-oleoylethanolamine, N-stearo-
ylethanolamine and N-docosatetraenylethanolamide. These N-acylethanolamines arise 
from the same biosynthetic pathway as AEA and are capable to indirectly modulate can-
nabinoid receptor activity by interfering with endocannabinoid metabolism, known as 
an “entourage effect” (11). Palmitoylethanolamine and, especially, N-oleoylethanolamine 
interact with nuclear receptor peroxisome proliferator-activated receptor α, stimulate 
lipolysis in the liver and adipocytes and act as a satiety factor (9, 12).

We previously showed that young healthy lean South Asian men have lower resting 
energy expenditure (13) and higher circulating endocannabinoid levels compared to 
matched white Caucasians (14). High plasma endocannabinoid levels are associated 
with obesity (15) and T2D (6) and affect peripheral metabolic organs, including adipose 
tissue and skeletal muscle (5). In addition, obese individuals have reduced expression 
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of endocannabinoid degradation enzymes and CB1 receptor in adipose tissue (16, 17). 
Elevated circulating endocannabinoid levels might be a result of decreased enzymatic 
degradation (16). As little is known about ECS in overweight, prediabetic South Asian 
compared with white Caucasian men, we investigated circulating endocannabinoid 
levels and gene expression of CB receptors and enzymes involved in endocannabinoid 
synthesis and degradation in WAT and skeletal muscle of middle-aged men of South 
Asian and white Caucasian descent. We hypothesized that overweight, prediabetic 
South Asian men would have elevated plasma endocannabinoid levels and conse-
quently lower expression of CB receptors on peripheral tissues compared to overweight, 
prediabetic Caucasian men.

MATERIALS AND METhODS

Ethics

Blood and tissue samples were collected as part of a previously conducted cross-over 
study to investigate the effect of L-arginine on brown adipose tissue activity and resting 
energy expenditure in overweight, prediabetic South Asian and white Caucasian men 
(18). This study was approved by the Ethics Committee of Maastricht University Medi-
cal Center (MUMC) and the Leiden University Medical Center (LUMC) and undertaken 
in accordance with the principles of the revised Declaration of Helsinki. All volunteers 
provided written informed consent. Trial registration number and date: NCT02291458, 
14 November 2014.

Participants and study design

Twenty Dutch overweight (BMI 25-35 kg/m2) prediabetic men of South Asian (n=10) 
and white Caucasian (n=10) descent (aged 35-55 years) were enrolled. South Asians 
and white Caucasians were matched for BMI. This study was conducted at the LUMC 
(The Netherlands) between November 2014 and August 2015 (18). Subjects underwent 
medical screening including an oral glucose tolerance test to identify individuals with 
impaired glucose tolerance according to the American Diabetes Association 2010 (19) 
and/or WHO criteria. In line with the ADA criteria (19), prediabetes was defined as hav-
ing either fasting plasma glucose levels between 5.6 and 6.9 mmol/L or plasma glucose 
levels 2 h after an oral glucose tolerance test between 7.8 and 11.1 mmol/L. Exclusion 
criteria included the presence of chronic disease including T2D, smoking and recent 
body weight change up to 3 months prior to the start of the study.
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Study procedures

The study procedures were described previously (18). In short, subjects were treated for 
6 weeks with either L-arginine (9 g/day) (Argimax, Hankintatukku Oy, Karkkila, Finland) 
or placebo supplements (containing 70% microcrystalline cellulose, 29% maize starch 
and 1% magnesium stearate) in a randomized double-blind cross-over design, with a 
4-week washout period. Each treatment period was followed by two consecutive study 
days, which consisted of several measurements. During the first study day lipid oxida-
tion and glucose oxidation were determined for 30 minutes with indirect calorimetry 
using a face-mask (EZcal, IDEE, Maastricht, the Netherlands) and subsequently fasted 
venous blood samples were collected to quantify plasma triglycerides (using commer-
cially available enzymatic colorimetric kits and an ABX Pentra 400 autoanalyzer) and 
endocannabinoids (liquid chromatography coupled with tandem mass spectrometry 
(LC-MS/MS)) as described previously (14). The next day, a fasted WAT (abdominal sub-
cutaneous adipose tissue) and skeletal muscle (vastus lateralis) biopsy were collected 
as described previously (20). The tissues were instantly placed in ice-cold preservation 
medium (BIOPS, OROBOROS Instruments, Innsbruck, Austria) and stored at -80°C. There-
after, body composition was determined by means of dual x-ray absorptiometry (DEXA; 
Discovery A, Hologic, Bedford, MA, USA). From one white Caucasian no DEXA scan data 
was available due to technical problems. For the purpose of this study only the fasted 
blood samples and WAT and skeletal muscle biopsies taken after placebo treatment 
were analyzed. All samples were taken at the same time of the day in all volunteers. 
Blood samples were obtained during the first study day at 11 A.M. after a 4-hour fast. 
WAT and skeletal muscle biopsies were obtained during the second study day at 8:00 
A.M. after an overnight fast.

Endocannabinoid measurements

Plasma endocannabinoids and their congeners were quantified with LC-MS/MS. From 
the pool of individual study samples, quality controls were used to generate calibration 
curves. Additionally, all samples were randomized and each batch included calibration 
samples and an even distribution of quality control samples and blanks. The sample 
extraction procedure and method is as described in detail previously (14).

WAT and skeletal muscle gene expression

WAT and skeletal muscle biopsies of South Asians and white Caucasians after pla-
cebo treatment were analyzed. RNA was extracted using Tripure RNA isolation reagents 
(Roche, Molecular Biochemicals, Indianapolis, USA). Total RNA was reverse transcribed 
using Promega M1705 Reverse transcriptase for RT-PCR according to the instructions by 
the manufacturer to produce cDNA. Expression levels of enzymes involved in endocan-
nabinoid synthesis (DAGLA and DAGLB, NAPEPLD and PLA2G4E) and degradation (MGLL, 



Chapter 3

52 |

FAAH1 and FAAH2) and CB receptors (CNR1 and CNR2) were determined in a 96-well PCR 
plate by real-time PCR (Bio-Rad CFX96), using gene-specific primers (Table 1) and IQ 
SYBR-Green super mix (PromegaA6002). For analysis and quantification, Bio-Rad CFX 
Manager software version 3.1 was used. Gene expression was normalized by using 18S 
(for WAT) or GAPDH (for skeletal muscle) mRNA content and expressed as fold difference 
compared to white Caucasian using the ΔΔCT method.

Statistical analysis

Data were collected and analyzed using IBM SPSS statistics version 23.0. Baseline 
characteristics and differences in plasma endocannabinoid levels between ethnicities 
were compared using unpaired student t-tests. Furthermore, linear regression analysis 
computed by Pearson’s correlation was used to determine correlations between plasma 
endocannabinoid levels and different metabolic parameters. Regression analysis was 
performed both with and without correction for the effect of ethnicity, by respectively 
including/excluding ethnicity as a covariate. P values < 0.05 were considered as statisti-
cal significant. Data are presented as mean ± SEM. The datasets generated during and/
or analyzed during the current study are available from the corresponding author on 
reasonable request.

RESuLTS

Clinical characteristics

The clinical characteristics of the participants were partly described previously (18). In 
brief, twenty overweight, prediabetic men of South Asian (n=10) and white Caucasian 

Table 1. Sequences of forward and reverse primers

Gene Forward primer Reverse primer

18S AGGATCCATTGGAGGGCAAGT TCCAACTACGAGCTTTTTAACTGCA

CNR1 GATGTACTTGCCCTGACCATA AACATTCTAGGACTGATTCATCATG

CNR2 AAGATTGGCAGCGTGACTATG CAGGCAGAGGTATCGGTCAA

DAGLA CCATCTTCCTCTTTCTCCT CTCGTGCGGGTTATAGAC

DAGLB GTCTTCCCAGGGTTCTTC TGAGGACGATCAAGTAAC

 FAAH1 GGGCCGTCAGCTACACTATGC ATGTTCCATCTGGGCCTCGTC

FAAH2 CGCTAGGCTTTCTCATAGGC CCGAAAGCAGAAGCAATGGTT

GAPDH TTGCAGGAGCGAGATCCCT CACCCATGACGAACATGGG

MGLL TCTTCCTTCTGGGCCACTCCA GGATTGGCAAGAACCAGAGG

NAPEPLD CCCTCTATTCCAAATGTTCT CATCCATTTCCACCATTAC

PLA2G4E GAGCCCACAAACGGATGAAG GTCTGTCTGGCTCAGCATATCA
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(n=10) descent were included. Mean age (46.5±2.8 vs 47.5±2.0 years) and BMI (30.1±1.1 
vs 30.7±1.2 kg/m2) were comparable between South Asians and white Caucasians, 
respectively, as were body fat percentage (31.0±1.1% vs 30.1±1.0%), plasma triglyceride 
concentration (1.6±0.2 vs 1.5±0.2 mmol/L) and fasting glucose level (5.6±0.5 vs 5.7±0.7 
mmol/L). Resting energy expenditure was lower in South Asians as compared to white 
Caucasians (4.9±0.2 vs. 5.7±0.2 kJ/min; p<0.05), while lipid and glucose oxidation did 
not differ significantly.

South Asians have higher plasma levels of some endocannabinoids

First, we studied circulating endocannabinoid levels in both ethnicities. Plasma 2-AG 
and AEA levels were comparable between South Asians and white Caucasians (12.8±1.5 
vs 10.6±1.2 pmol/mL; figure 1A, and 1.0±0.1 vs 0.9±0.1 pmol/mL; figure 1B, respec-
tively). Plasma arachidonic acid tended to be higher in South Asians (18.3±1.1 vs 
14.6±1.6 nmol/mL, p=0.07; figure 1C). In addition, plasma 2-linoleoyl glycerol (208±23 
vs 114±17 pmol/mL, p<0.01; figure 1D) and N-linoleoylethanolamine (3.0±0.2 vs 
2.2±0.2 pmol/mL, p<0.05; figure 1E) were higher in South Asians compared to white 
Caucasians. Plasma 1-linoleoyl glycerol (243±28 vs 169±30 pmol/mL, p=0.09; Table S1), 
and N-docosatetraenylethanolamide (6.3±0.4 vs 5.3±0.4 pmol/mL, p=0.08; Table S1) 
both tended to be higher in South Asians. No significant differences were observed for 
other N-acylethanolamines and mono- and di-acyl glycerols measured.

Circulating endocannabinoid levels correlate with plasma triglycerides and 
lipid oxidation

We next investigated whether circulating endocannabinoid levels correlated with meta-
bolic parameters in our study by pooling endocannabinoid levels of the two ethnicities. 
Plasma 2-AG levels positively correlated with plasma triglyceride levels (R=0.77, p<0.001; 
figure 2A) and lipid oxidation (R=0.55, p<0.05; figure 2B). In contrast, AEA levels did 
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figure 1. Circulating endocannabinoid levels in South Asian and white Caucasian men. Blood was col-
lected from overweight, prediabetic South Asian (n=10; black bars) and matched white Caucasian (n=10; 
white bars) men. Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) was used 
to measure plasma concentrations of 2-AG (A), AEA (B), arachidonic acid (AA) (C), 2-linoleoyl glycerol (2-LG) 
(D) and N-linoleoylethanolamine (LEA) (E) concentrations. Values are mean ± SEM. P-values are based on 
unpaired t-tests. * p<0.05, ** p<0.01.
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not correlate with any of these parameters (data not shown). To test whether the effects 
could be attributed to ethnicity, we repeated the regression analysis including ethnicity 
as covariate and found that this did not change the results.

South Asians have lower mRNA expression of CB receptors and 
endocannabinoid degradation enzymes in skeletal muscle

Since circulating endocannabinoid levels not necessarily reflect tissue-specific signaling, 
we next assessed mRNA expression of CB receptors and enzymes involved in endocan-
nabinoid synthesis and degradation in WAT and skeletal muscle biopsies of South Asian 
and white Caucasian men.

In WAT, expression levels of all measured genes were not different between the two 
ethnicities (figure 3A). However, in skeletal muscle, the relative expression of the deg-
radation enzyme FAAH2 (FAAH2) was 5-fold lower in South Asians compared to white 
Caucasians (-81%, p<0.001; figure 3B). In addition, expression of the other degradation 
enzymes, MAGL (MGLL) and FAAH1 (FAAH1) tended to be lower in South Asians (-22%, 
p=0.05 and -18%, p=0.07, respectively; figure 3B). Moreover, expression of both the 
CB1 (CNR1) and CB2 (CNR2) receptor was approx. 10-fold lower in South Asians as com-
pared to white Caucasians (-93%, p<0.001 and -90%, p<0.001; figure 3B). Expression 
of endocannabinoid synthesis enzymes was comparable (figure 3B) between the two 
ethnicities.
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figure 2. Plasma 2-AG levels positively correlate with plasma triglyceride levels and with lipid oxida-
tion in South Asian and white Caucasian men. Scatterplot of the correlations between 2-AG levels and 
plasma triglycerides (A) or lipid oxidation (B). Correlations are shown for the total group combined (n=20), 
white circles represent white Caucasian men (n=10) and black circles represent South Asian men (n=10), 
with 95% confidence limits. Correlations were analyzed using linear regression analysis.
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DISCuSSION

The incidence of obesity and T2D is particularly high in individuals of South Asian 
descent. In the present study, we investigated different markers of endocannabinoid 
signaling in overweight, prediabetic South Asian and white Caucasian men. Here we re-
port that, plasma 2-linoleoyl glycerol and N-linoleoylethanolamine were higher in South 
Asians compared to white Caucasians. In addition, gene expression of the enzymes 
involved in endocannabinoid degradation as well as CB receptors in skeletal muscle was 
markedly lower in South Asians as compared to white Caucasians. In addition, plasma 
2-AG correlated positively with plasma triglycerides and lipid oxidation.

We observed higher levels of the endocannabinoids 2-linoleoylglycerol and N-lino-
leoylethanolamine in overweight, prediabetic South Asian compared to white Caucasian 
men. In our previous study in healthy lean South Asians and white Caucasians we also 
observed higher endocannabinoid levels in South Asians, however, in that study other 
endocannabinoids (i.e. 2-AG and AEA) were higher (14). If we compare the effect sizes 
between the two different cohorts we observe that except for N-palmitoylethanolamide, 
all effects are in the same direction albeit that the effect sizes differ for most endocan-
nabinoids between the two cohorts. Furthermore, there is no clear pattern in the effect 
size with respect to whether it is larger in either the lean or the overweight cohorts. 
This is likely due to the different phenotype of the subjects in both cohorts. Of note, 
circulating endocannabinoid levels in this cohort of overweight, prediabetic men were 
not significantly higher compared to endocannabinoid levels measured in our previous 
cohort of healthy lean men. Probably, the difference in BMI between the two cohorts 
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was insufficiently large (average BMI 22 kg/m2 in lean versus BMI 30 kg/m2 in overweight 
men) to observe differences in circulating endocannabinoid levels between the two 
cohorts.

We also found a strong correlation between 2-AG and plasma triglyceride levels. This 
correlation was also present in our previous cohort of healthy lean South Asian and 
white Caucasian men (14) and is in line with results of Bluher et al. (21). The biological 
explanation for this correlation is currently unknown. Possibly, it can at least partly be 
explained by the fact that both 2-AG and triglycerides are lipid molecules with common 
lipid intermediates as precursors (e.g. diacylglycerol), resulting in production and secre-
tion into blood of 2-AG concomitant with VLDL-triglyceride.

To investigate potential differences in endocannabinoid signaling in metabolically 
active tissues we examined WAT and skeletal muscle biopsies from these overweight, 
prediabetic men. We did not observe differences in expression of genes involved in 
endocannabinoid signaling in WAT between the two ethnicities. Interestingly, in skeletal 
muscle, we found that mRNA expression of the endocannabinoid degradation enzymes 
and CB receptors was lower in South Asians as compared to white Caucasians. Possibly, 
low expression of degradation enzymes in skeletal muscle of the South Asian men 
might have contributed to higher local endocannabinoid levels within skeletal muscle 
thereby possibly inducing CB receptor downregulation in this tissue (15). Alternatively, 
the dietary intake between South Asians and white Caucasians may have been different, 
as South Asian diets often contain low n-3 PUFA which has been shown to modulate the 
expression of endocannabinoid synthesis and degradation enzymes and CB receptors 
(22). Although all subjects used a standardized meal the evening before the study day, 
we cannot exclude that differences in diet might have influenced our results. Based on 
our study, we can thus only speculate about the underlying mechanisms, which is an 
interesting subject of future studies. Interestingly, the CB1 receptor regulates metabolic 
processes including insulin signaling, glucose uptake, and fatty acid oxidation in skeletal 
muscle (7,8). Moreover, overstimulation of CB receptors in skeletal muscle can disrupt 
insulin signaling thereby promoting insulin resistance which could eventually lead to 
development of (pre)diabetes (5). Since South Asians are known to have an increased 
risk for the development of metabolic disease, including T2D (2), dysregulation of ECS 
in skeletal muscle might thus contribute to diabetes development in this population.

Our study has several limitations. Firstly, we had a small sample size of ten South 
Asian and ten white Caucasian men. Secondly, all individuals were already metabolically 
deregulated as they are overweight and have prediabetes. This may have limited the 
differences we could observe between the two ethnic groups. In addition, we can only 
speculate about the mechanisms underlying the differences in ECS signaling between 
South Asians and white Caucasians. Future studies in larger cohort should investigate if 
these results also apply to women and lean, non-prediabetic individuals to determine 
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if these results could be translated to the general population. A strength of our study is 
that we measured both circulating endocannabinoids and gene expression of the ECS in 
WAT and skeletal muscle in the same individuals.

Taken together, our data show that, plasma 2-linoleoyl glycerol and N-linoleoyleth-
anolamine were higher in overweight, prediabetic South Asians compared to white 
Caucasians. In addition, South Asian individuals had lower expression of enzymes in-
volved in endocannabinoid degradation and CB receptors in skeletal muscle. Although 
it remains speculative, high endocannabinoid levels may deteriorate endocannabinoid 
signaling in metabolic organs, including skeletal muscle and thereby may contribute to 
the development and/or progression of obesity and possibly even T2D, both of which 
are highly prevalent in South Asians. Further studies are required to show if therapeutic 
interventions that target the ECS will improve the metabolic profile of these individuals.

ACkNOWLEDGEMENTS

The authors thank H. Sips (Dept. of Medicine, Div. of Endocrinology, LUMC, Leiden) for 
her excellent technical support.

fuNDING

M.R.B. is supported by an NWO-Rubicon grant (grant 825.13.021) and by a Dutch Diabe-
tes Research Foundation Fellowship (grant 2015.81.1808). P.C.N.R. is an Established In-
vestigator of the Netherlands Heart Foundation (grant 2009T038). This project received 
support from the Faculty of Science (“Profiling programme: Endocannabinoids”), Leiden 
University (V.K., M.v.d.S., T.H.).



Chapter 3

58 |

REfERENCES

 1. Misra A, Shrivastava U. Obesity and dyslipidemia in South Asians. Nutrients. 2013;5(7):2708-2733.
 2. McKeigue PM, Shah B, Marmot MG. Relation of central obesity and insulin resistance with high 

diabetes prevalence and cardiovascular risk in South Asians. Lancet. 1991;337(8738):382-386.
 3. Mather HM, Chaturvedi N, Fuller JH. Mortality and morbidity from diabetes in South Asians 

and Europeans: 11-year follow-up of the Southall Diabetes Survey, London, UK. Diabet Med. 
1998;15(1):53-59.

 4. Hall LM, Moran CN, Milne GR, Wilson J, MacFarlane NG, Forouhi NG, Hariharan N, Salt IP, Sattar N, 
Gill JM. Fat oxidation, fitness and skeletal muscle expression of oxidative/lipid metabolism genes 
in South Asians: implications for insulin resistance? PLoS One. 2010;5(12):e14197.

 5. Silvestri C, Ligresti A, Di Marzo V. Peripheral effects of the endocannabinoid system in energy 
homeostasis: adipose tissue, liver and skeletal muscle. Rev Endocr Metab Disord. 2011;12(3):153-
162.

 6. Matias I, Gonthier MP, Petrosino S, Docimo L, Capasso R, Hoareau L, Monteleone P, Roche R, Izzo 
AA, Di Marzo V. Role and regulation of acylethanolamides in energy balance: focus on adipocytes 
and beta-cells. Br J Pharmacol. 2007;152(5):676-690.

 7. Cavuoto P, McAinch AJ, Hatzinikolas G, Cameron-Smith D, Wittert GA. Effects of cannabinoid 
receptors on skeletal muscle oxidative pathways. Mol Cell Endocrinol. 2007;267(1-2):63-69.

 8. Esposito I, Proto MC, Gazzerro P, Laezza C, Miele C, Alberobello AT, D’Esposito V, Beguinot F, 
Formisano P, Bifulco M. The cannabinoid CB1 receptor antagonist rimonabant stimulates 2-de-
oxyglucose uptake in skeletal muscle cells by regulating the expression of phosphatidylinositol-
3-kinase. Mol Pharmacol. 2008;74(6):1678-1686.

 9. Guzman M, Lo Verme J, Fu J, Oveisi F, Blazquez C, Piomelli D. Oleoylethanolamide stimulates 
lipolysis by activating the nuclear receptor peroxisome proliferator-activated receptor alpha 
(PPAR-alpha). J Biol Chem. 2004;279(27):27849-27854.

 10. van Eenige R, van der Stelt M, Rensen PCN, Kooijman S. Regulation of Adipose Tissue Metabolism 
by the Endocannabinoid System. Trends Endocrinol Metab. 2018.

 11. Ho WS, Barrett DA, Randall MD. ‘Entourage’ effects of N-palmitoylethanolamide and N-oleoyle-
thanolamide on vasorelaxation to anandamide occur through TRPV1 receptors. Br J Pharmacol. 
2008;155(6):837-846.

 12. Schwartz GJ, Fu J, Astarita G, Li X, Gaetani S, Campolongo P, Cuomo V, Piomelli D. The lipid mes-
senger OEA links dietary fat intake to satiety. Cell Metab. 2008;8(4):281-288.

 13. Bakker LE, Boon MR, van der Linden RA, Arias-Bouda LP, van Klinken JB, Smit F, Verberne HJ, 
Jukema JW, Tamsma JT, Havekes LM, van Marken Lichtenbelt WD, Jazet IM, Rensen PC. Brown 
adipose tissue volume in healthy lean south Asian adults compared with white Caucasians: a 
prospective, case-controlled observational study. Lancet Diabetes Endocrinol. 2014;2(3):210-217.

 14. Kantae V, Nahon KJ, Straat ME, Bakker LEH, Harms AC, van der Stelt M, Hankemeier T, Jazet IM, 
Boon MR, Rensen PCN. Endocannabinoid tone is higher in healthy lean South Asian than white 
Caucasian men. Sci Rep. 2017;7(1):7558.

 15. Engeli S. Dysregulation of the endocannabinoid system in obesity. J Neuroendocrinol. 2008;20 
Suppl 1:110-115.

 16. Engeli S, Bohnke J, Feldpausch M, Gorzelniak K, Janke J, Batkai S, Pacher P, Harvey-White J, Luft 
FC, Sharma AM, Jordan J. Activation of the peripheral endocannabinoid system in human obesity. 
Diabetes. 2005;54(10):2838-2843.



| 59

Endocannabinoid gene expression in overweight men

3

 17. Matias I, Gonthier MP, Orlando P, Martiadis V, De Petrocellis L, Cervino C, Petrosino S, Hoareau L, 
Festy F, Pasquali R, Roche R, Maj M, Pagotto U, Monteleone P, Di Marzo V. Regulation, function, and 
dysregulation of endocannabinoids in models of adipose and beta-pancreatic cells and in obesity 
and hyperglycemia. J Clin Endocrinol Metab. 2006;91(8):3171-3180.

 18. van Dam AD, Hanssen MJW, van Eenige R, Quinten E, Sips HC, Hulsman CJM, Jazet IM, van Marken 
Lichtenbelt WD, Ottenhoff THM, Haks MC, Rensen PCN, Boon MR. South Asian men have lower 
expression of IFN signalling genes in white adipose tissue and skeletal muscle compared with 
white men. Diabetologia. 2017.

 19. Chamberlain JJ, Rhinehart AS, Shaefer CF, Jr., Neuman A. Diagnosis and Management of Diabetes: 
Synopsis of the 2016 American Diabetes Association Standards of Medical Care in Diabetes. Ann 
Intern Med. 2016;164(8):542-552.

 20. Bakker LE, van Schinkel LD, Guigas B, Streefland TC, Jonker JT, van Klinken JB, van der Zon GC, 
Lamb HJ, Smit JW, Pijl H, Meinders AE, Jazet IM. A 5-day high-fat, high-calorie diet impairs insulin 
sensitivity in healthy, young South Asian men but not in Caucasian men. Diabetes. 2014;63(1):248-
258.

 21. Bluher M, Engeli S, Kloting N, Berndt J, Fasshauer M, Batkai S, Pacher P, Schon MR, Jordan J, Stum-
voll M. Dysregulation of the peripheral and adipose tissue endocannabinoid system in human 
abdominal obesity. Diabetes. 2006;55(11):3053-3060.

 22. Hutchins-Wiese HL, Li Y, Hannon K, Watkins BA. Hind limb suspension and long-chain omega-3 
PUFA increase mRNA endocannabinoid system levels in skeletal muscle. J Nutr Biochem. 
2012;23(8):986-993.



Chapter 3

60 |

Su
PP

LE
M

EN
TA

L 
A

PP
EN

D
Ix

Su
pp

le
m

en
ta

ry
 T

ab
le

 S
1.

 M
RM

 (M
ul

tip
le

 re
ac

tio
n 

m
on

ito
rin

g)
 p

ar
am

et
er

s 
an

d 
en

do
ge

no
us

 c
on

ce
nt

ra
tio

ns
 o

f t
he

 ta
rg

et
 li

st

S.
N

o
ID

M
et

ab
ol

ite
 N

am
e

H
M

BD
 ID

Q
1

Q
3

D
P, 

CE
Co

nc
en

tr
at

io
n 

(p
m

ol
/m

L)

W
hi

te
 C

au
ca

si
an

s
So

ut
h 

A
si

an
s

p-
Va

lu
e

1
1-

1O
G

 (1
8:

1)
1-

O
le

oy
l G

ly
ce

ro
l

H
M

D
B1

15
67

35
7

26
5

80
, 2

0
24

41
±3

53
23

72
±2

61
0.

87
6

2
2-

O
G

 (1
8:

1)
2-

O
le

oy
l G

ly
ce

ro
l

H
M

D
B1

15
37

35
7

26
5

80
, 2

0
24

8±
42

25
0±

36
0.

97
8

3
1-

LG
 (1

8:
2)

1-
Li

no
le

oy
l G

ly
ce

ro
l

H
M

D
B1

15
68

35
5

26
3

80
, 1

5
16

9±
30

24
3±

28
0.

08
6

4
2-

LG
 (1

8:
2)

2-
Li

no
le

oy
l G

ly
ce

ro
l

H
M

D
B1

15
38

35
5

26
3

80
, 2

0
11

4±
17

20
8±

23
0.

00
4

5
2&

1-
AG

 (2
0:

4)
2&

1-
A

ra
ch

id
on

oy
l

G
ly

ce
ro

l
H

M
D

B0
46

66
37

9
28

7
56

.1
9

11
±1

13
±2

0.
27

6

6
2A

G
E 

(2
0:

4)
2-

A
ra

ch
id

on
yl

 G
ly

ce
ro

l e
th

er
H

M
D

B1
36

57
36

5
27

3
72

, 2
5

N
D

N
D

7
PD

EA
 (1

5:
0)

N
-P

en
ta

de
ca

no
yl

Et
ha

no
la

m
id

e
53

83
2-

58
-9

a
28

6
62

80
, 1

8
0.

09
±0

.0
1

0.
08

±0
.0

1
0.

44
0

8
PE

A
 (1

6:
0)

N
-P

al
m

ito
yl

Et
ha

no
la

m
id

e
H

M
D

B0
21

00
30

0
62

78
, 3

6
9.

3±
0.

7
9.

1±
0.

5
0.

84
7

9
SE

A
 (1

8:
0)

N
-S

te
ar

oy
l

Et
ha

no
la

m
id

e
H

M
D

B1
30

78
32

8
62

72
, 3

1
6.

3±
0.

5
6.

1±
0.

2
0.

67
2

10
PO

EA
 (1

6:
1)

N
-P

al
m

ito
le

oy
l

Et
ha

no
la

m
id

e
H

M
D

B1
36

48
29

8
62

86
, 3

2
0.

53
±0

.0
6

0.
41

±0
.0

4
0.

14
5

11
O

EA
 (1

8:
1)

N
-O

le
oy

le
th

an
ol

am
id

e
H

M
D

B0
20

88
32

6
62

72
, 3

0
5.

9±
0.

7
5.

5±
0.

3
0.

60
2

12
LE

A
 (1

8:
2)

N
-L

in
ol

eo
yl

Et
ha

no
la

m
id

e
H

M
D

B1
22

52
32

4
62

74
, 3

6
2.

2±
0.

2
3.

0±
0.

2
0.

01
4

13
A

lp
ha

-L
EA

 (1
8:

2)
N

-α
-L

in
ol

en
yl

Et
ha

no
la

m
id

e
H

M
D

B1
36

24
32

2
62

80
, 2

0
0.

01
3±

0.
00

1
0.

01
1±

0.
00

1
0.

33
9

14
D

G
LE

A
 (1

8:
3)

D
ih

om
o-

γ-
Li

no
le

no
yl

 e
th

an
ol

am
id

e
H

M
D

B1
36

25
35

0
62

70
, 2

0
0.

24
±0

.0
3

0.
24

±0
.0

2
0.

90
4

15
ET

A
EA

 (2
0:

3)
Ei

co
sa

tr
ie

no
ic

 A
ci

d 
Et

ha
no

la
m

id
e

16
92

32
-0

4-
6a

35
0

62
80

, 4
6

N
D

N
D

16
A

EA
 (2

0:
4)

A
na

nd
am

id
e

H
M

D
B0

40
80

34
8

62
70

, 4
2

0.
89

±0
.1

0
0.

97
±0

.0
7

0.
52

2



| 61

Endocannabinoid gene expression in overweight men

3

Su
pp

le
m

en
ta

ry
 T

ab
le

 S
1.

 M
RM

 (M
ul

tip
le

 re
ac

tio
n 

m
on

ito
rin

g)
 p

ar
am

et
er

s 
an

d 
en

do
ge

no
us

 c
on

ce
nt

ra
tio

ns
 o

f t
he

 ta
rg

et
 li

st
 (c

on
tin

ue
d)

S.
N

o
ID

M
et

ab
ol

ite
 N

am
e

H
M

BD
 ID

Q
1

Q
3

D
P, 

CE
Co

nc
en

tr
at

io
n 

(p
m

ol
/m

L)

W
hi

te
 C

au
ca

si
an

s
So

ut
h 

A
si

an
s

p-
Va

lu
e

17
O

-A
EA

 (2
0:

4)
O

-A
ra

ch
id

on
oy

l e
th

an
ol

am
in

e
H

M
D

B1
36

55
34

8
62

70
, 2

5
N

D
N

D

18
EP

EA
 (2

0:
5)

Ei
co

sa
pe

nt
ae

no
yl

 E
th

an
ol

am
id

e
H

M
D

B1
36

49
34

6
62

80
, 2

0
0.

06
±0

.0
1

0.
06

±0
.0

1
0.

91
0

19
D

EA
 (2

2:
4)

N
-D

oc
os

at
et

ra
en

oy
l

Et
ha

no
la

m
id

e
H

M
D

B1
36

26
37

6
62

72
, 2

0
0.

24
±0

.0
3

0.
25

±0
.0

2
0.

84
3

20
D

H
EA

 (2
2:

6)
N

-D
oc

os
ah

ex
ae

no
yl

Et
ha

no
la

m
id

e
H

M
D

B1
36

58
37

2
62

70
, 2

5
5.

3±
0.

4
6.

3±
0.

4
0.

07
8

21
N

A
D

A
 (2

8:
4)

N
-A

ra
ch

id
on

oy
l d

op
am

in
e

19
98

75
-6

9-
9a

44
0

13
7

75
, 2

4
N

D
N

D

22
A

ra
ch

id
on

ic
 A

ci
d 

(2
0:

4)
5,

8,
11

,1
4-

Ei
co

sa
te

tr
ae

no
ic

 a
ci

d
H

M
D

B0
10

43
30

3
25

9
-8

0,
 -1

8
14

63
9±

15
78

18
30

0±
10

76
0.

07
1

Th
e 

ta
rg

et
 li

st
 in

cl
ud

es
 e

nd
oc

an
na

bi
no

id
s 

an
d 

N
-a

cy
le

th
an

ol
am

in
es

 (N
A

Es
). 

Th
e 

co
m

po
un

d 
ID

 is
 th

e 
ab

br
ev

ia
tio

n 
of

 m
et

ab
ol

ite
 n

am
e 

al
on

g 
w

ith
 n

um
be

r o
f c

ar
bo

n 
at

-
om

s a
nd

 n
um

be
r o

f d
ou

bl
e 

bo
nd

s i
n 

th
e 

fa
tt

y 
ac

id
 c

ha
in

 o
f t

he
 m

ol
ec

ul
e,

 re
sp

ec
tiv

el
y.

 A
ll 

co
m

po
un

ds
 a

re
 a

na
ly

ze
d 

in
 p

os
iti

ve
 m

od
e 

ex
ce

pt
 a

ra
ch

id
on

ic
 a

ci
d 

in
 n

eg
at

iv
e 

m
od

e.
 Q

1 
an

d 
Q

3 
ar

e 
op

tim
iz

ed
 p

re
cu

rs
or

 io
n 

an
d 

pr
od

uc
t i

on
, e

xp
re

ss
ed

 a
s 

m
/z

. D
P 

an
d 

CE
 a

re
 d

ec
lu

st
er

in
g 

po
te

nt
ia

l (
Vo

lts
) a

nd
 c

ol
lis

io
n 

en
er

gy
 (v

ol
ts

). 
En

do
ge

no
us

 
co

nc
en

tr
at

io
ns

 a
re

 d
en

ot
ed

 a
s 

m
ea

n 
± 

SE
M

, n
=1

0 
in

 e
ac

h 
gr

ou
p.

 P
-v

al
ue

s 
ar

e 
ba

se
d 

on
 u

np
ai

re
d 

t-
te

st
s. 

N
D

: N
ot

 d
et

ec
te

d 
in

 h
um

an
 p

la
sm

a.






