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QC, Canada 
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A B S T R A C T   

Background: Human studies have linked obesity-related diseases, such as type-2 diabetes (T2D), to 
the modulation of endocannabinoid signaling. Cannabinoid CB1 and CB2 receptor activation by 
the endocannabinoids (eCBs) 2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine 
(AEA), both derived from arachidonic acid, play a role in homeostatic regulation. Other long 
chain fatty acid-derived endocannabinoid-like molecules have extended the metabolic role of this 
signaling system through other receptors. In this study, we aimed to assess in depth the in-
teractions between the circulating and intestinal tone of this extended eCB system, or endo-
cannabinoidome (eCBome), and their involvement in the pathogenesis of diabetes. 
Methods: Plasma and ileum samples were collected from subjects with obesity and harboring 
diverse degrees of insulin resistance or T2D, who underwent bariatric surgery. The levels of 
eCBome mediators and their congeners were then assessed by liquid chromatography coupled to 
tandem mass spectrometry, while gene expression was screened with qPCR arrays. 
Findings: Intestinal and circulating levels of eCBome mediators were higher in subjects with T2D. 
We found an inverse correlation between the intestinal and circulating levels of mono-
acylglycerols (MAGs). Additionally, we identified genes known to be implicated in both lipid 
metabolism and intestinal function that are altered by the context of obesity and glucose 
homeostasis. 
Interpretation: Although the impact of glucose metabolism on the eCBome remains poorly un-
derstood in subjects with advanced obesity state, our results suggest a strong causative link be-
tween altered glucose homeostasis and eCBome signaling in the intestine and the circulation.  
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Research context 

Evidence before this study 

The aim of targeting the endocannabinoid (eCB) system to manage the dysfunctional control of energy balance is clinically rele-
vant. Indeed, it was demonstrated in several studies that circulating or tissue levels of 2-AG, AEA, or both, are associated with un-
balanced energy acquisition, storage, and expenditure. Furthermore, a strong association between circulating eCB levels and 
anthropometric parameters such as BMI or visceral obesity were also pinpointed. However, the mechanistic link between altered levels 
of eCBs and metabolic diseases remains under discussion, and the participation of eCB-related mediators poorly investigated. 

Added value of this study 

By analyzing unique and valuable biological samples (ileum and plasma) from people with obesity and eligible for bariatric surgery 
(BMI >35 kg/m2 with comorbidities, or BMI up to 40 kg/m2), we undertook this comprehensive study to evaluate the circulating and 
intestinal levels of eCBs and eCB-related mediators that belong to the endocannabinoidome (eCBome). Beyond the correlation analysis 
between mediators and metabolic parameters, we provide a comprehensive study that also evaluated the expression of genes that play 
a role in the biosynthesis and inactivation of these mediators. We show that in subjects who exhibit impaired glucose metabolism (type 
2 diabetes), the levels of eCBs and congeners are stably higher, as we can observe at intestinal and circulating levels. In addition, 
differences in the expression of genes associated with eCB metabolism in the gut provide an explanation for this observation. Last but 
not least, this study offers a global view (through the analysis of plasma), as well as a more specific observation (through analysis of 
lipid mediators and gene expression) of the tone of the eCBome in obesity and type 2 diabetes. 

Implications of all the available evidence 

This study in a human cohort suggests that the eCBome, together with other signaling systems, is involved in the metabolic 
phenotypes associated with obesity. The realization that several biological systems are involved in this condition is of paramount 
importance to move towards the personalization of obesity therapies and the use of all the available tools and analytical methods to 
prevent the onset of the metabolic syndrome. 

1. Introduction 

Beyond an excessive storage of energy, obesity is a state in which the abnormal accumulation of fat leads to strong and often 
irreversible deterioration of health [1]. According to the World Health Organization, there are almost three million deaths associated 
with obesity every year, underscoring the urgency of finding solutions to treat and predict the emergence of associated comorbidities 
[2,3]. Constant innovation in pharmaceutical research has recently led to the discovery of new drugs in order to reduce obesity 
comorbidities such as type 2 diabetes (T2D) [4]. Examples include sodium/glucose cotransporter 2 inhibitors [5], analogs of the 
incretin glucagon-like peptide-1 [6] and dipeptidyl peptidase-4 inhibitors [7]. Drugs targeting the endocannabinoid (eCB) system were 
also utilized, notably the inverse CB1 receptor agonist rimonabant [8,9]. Rimonabant was very efficacious at regulating satiety, 
promoting weight loss and decreasing cardiometabolic risks [10]. However, some central nervous system adverse events, notably 
depression, led to its withdrawal [11]. 

The eCB system includes two mediators, 2-arachidonoyl-glycerol (2-AG) and N-arachidonoyl-ethanolamine (AEA), which are 
derived from the long-chain omega-6 polyunsaturated fatty acid arachidonic acid. These eCBs are, by definition, endogenous agonists 
of the two cannabinoid receptors CB1 and CB2. In parallel, there are other monoacylglycerols (MAGs) and N-acyl-ethanolamines 
(NAEs) that are biosynthesized and metabolized by the same enzymes as eCBs [12]. In fact, an increasing body of evidence is high-
lighting the role of these eCB-like compounds, such as those derived from oleic acid (OA), eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA), in metabolic diseases [13]. For example, the levels of the omega-3 polyunsaturated fatty acid-derived MAGs, 
eicosapentanoylglycerol (EPG), and docosahexaenoylglycerol (DHG), are associated with a higher intuitive eating score, and hence 
with healthier feeding behaviors [14]. MAGs and NAEs modulate other receptors, such as transient receptor potential (TRP) channels, 
peroxisome proliferator-activated receptors (PPAR)-α and γ, as well as some orphan G protein-coupled receptors (GPCRs) [15]. 2-AG, 
AEA, their congeners from the MAG and NAE families that include a fatty acid containing 14 carbons or more, as well as the receptors 
they activate, constitute the core of an extended eCB system, known as the endocannabinoidome (eCBome) [15]. 

Tissue and circulating levels of eCBome mediators are associated with adiposity and metabolic conditions such as insulin resistance 
[16]. Moreover, the expression of the eCBome receptors and of the enzymes involved in the biosynthesis and the degradation of MAGs 
and NAEs is also modulated in several tissues and according to diverse metabolic states [15,17,18]. The small intestine expresses 
several of these eCBome receptors [19], thus highlighting its sensitivity to variations in the local and circulating eCBome mediator 
level. The intestine plays an important role in the development of obesity and T2D as the loss of gut barrier function induced by 
obesity-associated inflammation leads to metabolic endotoxemia [20,21]. It is known that the CB1 receptor can have both a protective 
role against intestinal inflammation in lean individuals [22,23] and contribute to impairing the intestinal epithelial barrier and 
contribute to metabolic endotoxemia during obesity [24]. In contrast, the expression of the CB2 receptor remains weakly detected in 
the human small intestine [25] and, even though this receptor is known to be implicated in regulating inflammation, its role in obesity 
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remains uncertain [25]. While we have some insight of the impact of obesity and its metabolic complications on other eCBome re-
ceptors and enzymes, the precise regulation of the eCBome in the small intestine remains poorly defined in humans. 

By taking advantage of intestinal samples obtained during bariatric surgery of individuals with high body mass index (BMI) and 
varying degrees of glucose homeostasis, we quantified eCBome mediators as well as gene expression of eCBome receptors and 
metabolic enzymes in the ileum. The aim of the study was to investigate whether there is a correlation between the tone of the eCBome, 
in the ileum and circulation, with the glucose homeostasis status of individuals with obesity. 

2. Methods 

2.1. Subjects and sampling 

Tissue specimens were obtained from the Biobank of the Institut universitaire de cardiologie et de pneumologie de Québec (Université 
Laval, Québec City, QC, Canada) in compliance with institutional Review Board-approved management modalities. All participants 
provided written informed consent. Forty ones severely obese subjects (BMI>40 kg/m2), with or without T2D according to their 
medical historic were recruited. Most subjects with a diagnosis of T2D were either following specific diet or treated with metformin 
(40%) to control their glycemia. Additionally, some subjects were treated with insulin (25%) or with other antidiabetic agents. All 
subjects were candidates for bariatric surgery and undergoing biliopancreatic diversion. Ileum specimens were obtained by anasto-
mosis during the biliopancreatic diversion. The procedure did not enable us to obtain samples from duodenum and jejunum. The ileum 
samples were immediately washed with cold PBS and stored within 20 min, and the mucosa was removed and frozen in liquid nitrogen 
and stored at − 80C for subsequent lipids and RNA extraction. 

2.2. Anthropometry and metabolic parameters 

BMI, waist circumference and overnight fasting blood samples were drawn on the morning before surgery to assess lipid profile and 
glucose homeostasis. Glucose, insulin, and triglycerides (TG) were analyzed by the hospital. The homeostatic model assessment for 
insulin resistance index (HOMA-IR) was calculated using the following formula: fasting insulin (mU/ml) × fasting glucose (mmol/l)/ 
22⋅5 [26]. 

2.3. Analysis of eCBome-related mediators 

For the analysis of intestinal eCBome-related mediators, lipids were extracted from tissue samples according to the Bligh and Dyer 
method [27]. Briefly, about 10 mg of each tissue was homogenized in 0⋅5 ml of Tris-HCl 50 mM (pH 7⋅4) containing 0⋅1 M acetic acid 
and 5 ng of deuterated standards then mixed with 0⋅5 ml methanol using a tissue homogenizer. One ml of chloroform was then added 
to each sample, vortexed for 30 s, and centrifuged at 3000 g for 5 min. This was repeated twice for a total addition of 3 ml of chlo-
roform. The organic phases were collected and evaporated under a stream of nitrogen. 

For the quantification of eCBome-related mediators in plasma, samples were extracted as described before with slight modification 
[28]. Briefly, 200 μL of plasma samples were mixed with 300 μL of Tris-HCl 50 mM (pH 7⋅4). Two ml of Toluene containing 5 ng of 
deuterated standards was then added to the samples, vortexed for 1 min, centrifuged at 4000g for 5 min without brakes. Samples then 
were placed in an ethanol-dry-ice bath (− 80 ◦C) to freeze the aqueous phase (bottom). The organic phase (top) was then collected and 
evaporated to dryness under a stream of nitrogen. 

For both intestinal and plasma, samples were suspended in 50 μl of mobile phase containing 50% of solvent A (water + 1 mM 
ammonium acetate + 0⋅05% acetic acid) and 50% of solvent B [acetonitrile/water (95/5) + 1 mM ammonium acetate + 0⋅05% acetic 
acid]. Forty μl of each sample was finally injected onto an HPLC column (Kinetex C8, 150 × 2⋅1 mm, 2⋅6 μm; Phenomenex) and eluted 
at a flow rate of 400 μl/min using a discontinuous gradient of solvent A and solvent B as in Ref. [27]. Quantification of eCBome-related 
mediators were carried out by HPLC system interfaced with the electrospray source of a Shimadzu 8050 triple quadrupole mass 
spectrometer and using multiple reaction monitoring in positive ion mode for the compounds and their deuterated homologs. 

MAGs are represented as 2-MAGs but represent the combined signals from 2- and 1(3)-isomers as the latter are mostly generated 
from the former via acyl migration from the sn-2 to the sn-1(3) position. 

2.4. Gene expression 

Total RNA from intestinal tissues was extracted using the RNeasy lipid tissue extraction kit and on-column DNase treatment, ac-
cording to the manufacturer’s recommendation (Qiagen). Total RNA was used for reversed transcription using High-Capacity cDNA 
Reverse Transcription Kit (Thermo Fisher Scientific) and cDNA levels were measured by quantitative PCR as described before 1 or by 
qPCR-based TaqMan assay open array, ThermoFisher). 

2.5. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 9⋅5 (GraphPad Software, Inc.; San Diego, CA, USA). For RNA analysis, a 
total of 220 genes were analyses on the TaqMan open array, ThermoFisher). Messenger RNA expression levels (ΔΔCT) were compared 
between groups. Data were analyzed using ANOVA or Kruskal-Wallis tests (p < 0⋅05) followed by Dunn’s post test for multiple 
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comparison. Correlation tests were performed by nonparametric Spearman’s rank correlation test (p < 0⋅05) using corr.test function 
from pshych CRAN package and the correlation matrices were generated using the corrplot package. 

3. Results 

Plasma and intestinal samples were obtained from Caucasian men (n = 8) and women (n = 32) undergoing bariatric surgery (table 
1). Subjects were 44 years old on average and had a mean BMI of 48⋅3 kg/m2. The subjects with type 2 diabetes (T2D, n = 12) were 
diagnosed according to the Diabetes Canada Clinical Practice Guidelines Expert Committee [29]. The subjects without T2D (non-T2D) 
were categorized into two groups according to the HOMA-IR index: 1) insulin-sensitive subjects (IS, n = 16) with an HOMA-IR lower 
than 5 and 2) insulin-resistant subjects (IR, n = 12) with an HOMA-IR greater than 5. Among the three groups, there was no difference 
in age, BMI and waist circumference (WC). As expected, subjects with T2D had significantly higher levels of fasting glucose (5⋅3 ± 0⋅4 
vs. 5⋅6 ± 0⋅6 vs. 7⋅7 ± 1⋅5 mmol/L), while insulin resistant subjects had higher levels of insulin (102⋅6 ± 28⋅3 vs. 237⋅3 ± 90⋅9 vs. 
267⋅2 ± 243⋅0 pmol/L). Plasma triglycerides (TG) levels (1⋅5 ± 0⋅6 vs. 1⋅4 ± 0⋅6 vs. 1⋅9 ± 0⋅8 mmol/L) were comparable between 
groups (Table 1 and Supplemental fig 1). 

3.1. Circulating and intestinal MAGs and NAEs levels according to glucose homeostasis status 

Circulating levels of MAGs and NAEs in the IR and T2D groups were compared to those of the IS group. We computed an overall 
mean using the standard score method (Z-score) of MAGs and NAEs, integrating the contribution of each congener identified by our 
method, in both the circulation and the intestine (Fig. 1). The circulating MAGs Z-score was significantly higher in the T2D group vs. 
the non-T2D groups (Fig. 1 a). When assessed individually, the circulating levels of all MAG congeners are increased in T2D, and these 
differences are significant for 2-AG, and 2-DPG (Fig. 1 a). In contrast, the NAE Z-score was slightly decreased in the IR and T2D groups 
while individual NAE congeners were not modulated (Fig. 1 b). In the ileum, both the overall Z-score of MAGs and individual 2-AG 
congeners are comparable between groups (Fig. 1 c). As for the NAEs, the ileal levels of NAEs levels were significantly increased in 
the T2D group (Fig. 1 d). 

3.2. Circulating and intestinal eCBome association with metabolic states 

Circulating and intestinal levels of MAG and NAE congeners were not correlated with BMI, at least within the range of severe 
obesity of bariatric surgery candidates included in this cohort (Fig. 2). Nevertheless, waist circumference tends to be negatively 

Fig. 1. Circulating and intestinal MAGs and NAEs according to glucose homeostasis status. Circulating (a and b) and intestinal (c and d) levels 
of MAGs and NAEs in the insulin-sensitive (IS, N = 16), insulin-resistant (IR, N = 12) and type-2-diabetes (T2D, N = 12) groups. For each mediator, 
the Z-score was calculated by subtracting the mean of each MAG or NAE, then dividing the value by the standard deviation ((x-μ)/σ). The mean Z- 
score values of all MAGs or NAEs, as well as each MAG and NAE congeners were represented as boxplot with 10–90 percentiles. 2-monoacylglycerols 
data represent the combined signals from 2- and 1(3)-isomers. P values were obtained from Mann-Whitney tests (*P < 0⋅05) comparing non-T2D 
group to the T2D group; or from Kruskal-Wallis followed by Dunn’s multiple comparisons test comparing the IR and the T2D groups to the IS group. 

V. Rakotoarivelo et al.                                                                                                                                                                                                



Heliyon 10 (2024) e26968

5

correlated with the circulating levels of MAGs and was positively correlated with circulating levels of NAEs (Fig. 2 a). Circulating levels 
of MAGs tended to be positively correlated with fasting glycemia, while circulating levels of total NAEs were negatively correlated this 
parameter. These associations were not observed for fasting insulin levels and the HOMA-IR (Fig. 2 a). Interestingly, we found that 
fasting TG levels were positively correlated with the circulating levels of most MAGs congeners and negatively correlated with the 
circulating levels of most NAEs (Fig. 2 a). These observations suggest that circulating eCBome mediators were more closely related to 
metabolic parameters than anthropometric measures. In the small intestine, there was no significant association between metabolic 
parameters and the investigated eCBome-related lipids (Fig. 2 b). 

3.3. Association between circulating and intestinal levels of eCBome mediators 

Next, we investigated whether the associations between MAGs and NAEs, as well as whether the circulating levels of eCBome 
mediators, were linked to those found in the ileum. First, we noted that the circulating levels of most MAG congeners correlated 
together. A similar pattern was also observed for the circulating NAE congeners (Fig. 3). Interestingly, the levels of most MAG con-
geners negatively correlated with those of NAEs in the circulation. In the small intestine, while we observed the same trends as in the 
circulation, we found a limited number of significant correlations between the levels of MAG and NAE congeners. In addition, we found 
that the circulating levels of MAGs and NAEs poorly correlated with those found in the ileum. Altogether, circulating and ileum MAG 
levels do not really correlate with each other and when they do, the correlation was negative. A trend towards a positive correlation 
pattern between the levels of circulating and ileum NAEs was noted but did not reach statistical significance (Fig. 3). 

We then performed an analysis on circulating and ileum levels of eCBome mediators, according to the median of the circulating 
MAGs Z-score median (i.e., Low and High). The stratification of the cohorts based on the MAGs Z-score was confirmed by higher levels 
of MAGs in circulation in the High group compared to the Low group (Fig. 4 a). The Low group was mostly represented in the IS group 
(50%) than the IR (30%) and the T2D (20%), while the High group was mostly represented in the T2D (50%) than the IS (25%) and the 
IR (25%). Anthropometric and metabolic measures remained comparable between the Low and the High groups (Data not shown). This 
analysis highlighted the existence of an inverse correlation between circulating MAGs and NAEs. Indeed, plasma AEA and EPEA levels 
were significantly higher in the Low group than the High group (Fig. 4 b). Interestingly, we observed that ileum levels of MAGs, i.e., 2- 
OG, 2-LG, 2-DPG, and 2-DHG, were significantly lower in the High group than the Low group (Fig. 4 c). In contrast, intestinal levels of 
NAEs were not different between the Low and the High groups (Fig. 4 d). These observations suggest that high levels of MAGs in 

Fig. 2. Circulating and intestinal eCBome association with metabolic status. The correlation matrix showed the rho values of the Spearman’s 
rank correlation between circulating (a) and intestinal (b) eCBome mediators and anthropometric/metabolic measured of the subjects. MAGs and 
NAEs are the mean Z-score values of each congener of MAG or NAE respectively (N = 40, *P < 0⋅05). 
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circulation are associated with lower levels of these mediators in the intestine, which confirm the aforementioned negative correlation 
between the circulating and intestinal mediator levels. Conversely, regardless of their levels in the circulation, intestinal NAEs remain 
unaffected. 

3.4. Small intestine gene expression of eCBome metabolic enzymes 

Several metabolic enzymes involved in MAGs and NAEs anabolism and catabolism are differently expressed in the small intestine, 
according to the glucose homeostasis status. In the Supplementary Table 1, we include a list of the genes included in the study. Most of 
these genes were expressed in the small intestine and suggest this issue has an important metabolic and signaling capacity for diverse 
eCBome mediators. Compared to the non-T2D group, expression levels of the MAG anabolic gene DAGLA and of the MAG catabolic 
genes MGLL, CES1 and DGKE were increased in the small intestine of the IR group and reduced in the small intestine of the T2D (Fig. 5 
a). A similar trend was observed in the small intestine in the High group, which harbor relatively higher circulating MAG levels but 
relatively lower intestinal MAG levels (Fig. 5 a). Regarding NAE we found that catabolic genes, i.e. AKR1B1, PTGES2 and FAAH2, were 
decreased in presence of T2D. Similarly, reduced expression of several NAE metabolic enzymes was also noted in the High groups, 
which have relatively lower NAEs levels in the small intestine (Fig. 5 b). In sum, changes in gene expression were mainly associated 
with the presence of T2D, suggesting that glycemia imbalance reshapes the metabolism of eCBome mediators in the small intestine. 
These modulations may explain in part the variation observed in intestinal levels of MAGs and NAEs in these subjects. 

3.5. Small intestine gene expression of eCBome receptors 

Beyond the two canonical receptors CB1 and CB2 receptors, we assessed the mRNA expression of 15 other receptors related to the 
eCBome signaling, including PPARs, TRPs and GPCRs (Supplementary Table 1). Expression of CNR1 was not impacted by the glucose 
homeostasis status while the expression of CNR2 remained undetected using our method (Fig. 5 c). In parallel, GPR55 expression was 
relatively higher in the small intestine of subjects with T2D and within the High group. In contrast, the expression of 2 genes encoding 
for the non-canonical eCB receptors, i.e. TRPA1 and PPARG, was lower in subjects with a diagnosis of T2D (Fig. 5 c). As for the 
metabolic genes, eCBome receptors were mostly modulated in the T2D group compared to the non-T2D group. 

Fig. 3. Association between circulating and intestinal levels of eCBome mediators. The correlation matrix showed the rho values of the 
Spearman’s rank correlation between circulating and intestinal eCBome mediators. MAGs and NAEs represent the mean Z-score values of MAGs or 
NAEs respectively (N = 40, *P < 0⋅05). 
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4. Discussion 

Despite the extensive characterization of the mechanisms by which the eCB system regulates central and peripheral energy 
metabolism, this effort so far only led to the development of CB1 antagonists against obesity and metabolic complications that had to be 
withdrawn from the market, or further experimentation, due to the occurrence of CNS unwanted effects [10,30,31]. This indicates that 
targeting this system needs to take into consideration that it may involve other eCB-like mediators, enzyme, and receptors, namely the 
eCBome. There is a knowledge gap on the comprehensive mechanisms and the physiological roles of these mediators in the context of 
obesity and metabolic complications. This lack of knowledge limits our understanding of how this system is involved in the patho-
physiology of obesity and in the numerous functional adaptations observed in the small intestine in this disease. We hypothesized that 
there is a correlation between the tone of the eCBome in the circulation and in the small intestine, and that the glucose homeostasis 
status influences MAG and NAE eCBome mediators in individuals with obesity. By taking advantage of intestinal samples obtained 
during bariatric surgery, we characterized eCBome mediators as well as gene expression of eCBome receptors and metabolic enzymes 
in the ileum. We show that circulating and intestinal levels of MAGs mediators were higher and lower, respectively, in subjects with 
T2D. Indeed, we found an inverse correlation between circulating and intestinal levels of MAGs, with lower intestinal levels of these 
metabolites being associated with higher circulating levels. Additionally, we identified genes, known to be implicated in eCBome 
signaling, with altered expression levels in presence of insulin resistance and/or T2D. Our results highlight the existence of a divergent 
pathophysiological eCBome response in circulation and the intestine in the context of obesity, insulin resistance and T2D. 

Overall, the eCBome is known to be associated with obesity and metabolic complications [16]. Regarding the NAEs, even though 
these metabolites are known to be associated with obesity, they seem to remain stable once obesity is established, but can be influenced 
by the glycemic status [32,33]. Several studies conducted by Sipe et al. suggested NAEs as a biomarker that may indicate a risk for 
severe obesity [34–36]. Here we support this observation by demonstrating a positive correlation between waist circumference and the 
levels of NAEs, namely, OEA, LEA, and AEA. Cohort studies highlight that circulating levels of eCBs are exacerbated by diabetes status, 
either in presence [17,37] or not of obesity [38]. In parallel, higher circulating levels of 2-AG were reported in postmenopausal women 
with obesity and insulin resistance than in those with obesity only [39,40]. Indeed, we observed a positive correlation between 
circulating MAG levels and fasting glycemia as well as higher 2-AG, 2-DPG, and 2-DHG levels in presence of T2D. Interestingly, levels 
of AEA, OEA, and PEA are reduced during an hyperinsulinemic-euglycemic clamp in women [39,40]. This agrees with the absence of 
differences in NAE levels between IS and IR groups in this study composed mostly of women), and suggests that these mediators remain 
responsive to acute insulin stimulation in the presence of peripheral IR. However, in obese men, insulin infusion decreased AEA levels 
to an extent that weakly, but significantly, correlated negatively with TGs, liver fat and fasting insulin, and positively with high density 
lipoprotein cholesterol [41], suggesting the existence of sex-specific effects of IR on circulating NAE levels. 

Annuzzi et al. also reported that the presence of T2D along with obesity led to increased levels of certain mediators, namely AEA, 

Fig. 4. Relationship between MAGs and NAEs in plasma and ileum. The study sample was divided in 2 groups according to the median of the 
circulating MAGs Z-score (Low: N = 20 and High: N = 20 AAA). 2-monoacylglycerols data represent the combined signals from 2- and 1(3)-isomers. 
Circulating (a and b) and intestinal (c and d) levels of MAGs and NAEs are shown for each subgroup as mean ± SEM and compared using a Mann- 
Whitney test (*P < 0⋅05). 
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OEA, and PEA, in the subcutaneous adipose tissue [42]. In contrast, the levels of 2-AG were decreased in adipose tissue in presence of 
T2D. In the small intestine, we found that levels of MAGs, including 2-AG, were higher in subjects with obesity and T2D than in subjects 
with obesity only. These alterations in MAGs and NAEs levels are partly the result of change in expression and activity of catabolic and 
anabolic enzymes of eCBome metabolism. It was shown that the activity of DAGL and MAGL, respectively MAG anabolic and catabolic 
enzymes, were increased in visceral and subcutaneous adipose tissue of subjects with obesity [43]. Similarly, FAAH catabolic activity 
on NAEs in human subcutaneous adipocytes correlates with BMI and waist circumference [44,45]. In the present study, we highlighted 
the decreased expression of the MAG catabolic genes MAGL and CES1 in the ileum in presence of T2D. This finding associated with the 
detection of increased circulating, but not intestinal, MAGs. This may suggest that, in presence of T2D, the small intestine may 
contribute to circulating MAG levels, due to reduced catabolism of these mediators. However, lower intestinal levels of MAG and lower 
expression levels of their anabolic genes were observed in subjects harboring higher circulating levels of MAGs. This latter finding does 
not fully support the hypothesis of the small intestine being a reservoir for circulating MAGs, since in this case the biosynthetic en-
zymes should have been up regulated. 

The expression of genes coding for anabolic, i.e. GDE1, and catabolic, i.e. PTGES and AKR1B1, enzymes for NAE was significantly 
reduced in the T2D group. GDE1 is known to be involved in the biosynthesis of NAEs [46], while PTGES and AKR1B1 catalyze AEA 
conversion to prostaglandin ethanolamine endoperoxide (i.e., prostamide H2) and to prostaglandin ethanolamides (i.e., prostamides, 
such as prostamide E2 and F), involved in inflammatory conditions [47,48]. Additionally, AKR1B1, encodes aldehyde-ketoreductase, 
which is also highly implicated in diabetes [48,49]. However, despite these alterations in the expression of these enzymes, NAEs in the 

Fig. 5. Expression analysis of eCBome genes according to glucose homeostasis. Expression of MAGs and NAEs catabolic and anabolic enzymes and 
receptors in the ileum was compared by using fold induction analysis (ΔΔCT) method. The expression of selected genes of monoacylglycerols 
metabolism (a), N-acylethanolamines metabolism (b) and endocannabinoidome receptors (c) are represented. Gene expression is compared between 
glucose homeostasis groups (Left, IS: N = 13, IR: N = 10 and T2D: N = 11) and between Z-score groups (right, Low: N = 13 and High: N = 16) using 
Mann-Whitney tests and Kruskal-Wallis followed by Dunn’s multiple comparisons test (*P < 0⋅05 vs. IS and #P < 0⋅05 vs. non-T2D). 
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small intestine were not significantly different among the three groups. 
Indeed, the outcome of alterations in eCB and eCBome signaling is strongly determined by the tissue levels of the ligands, but also of 

their receptors. Regarding these latter, the expression of CB2, which plays mostly an anti-inflammatory role, in the human intestine is 
still under debate. It is not yet clear if its expression is to be attributed to intestinal or immune cells, such as macrophages, which reside 
in or infiltrate the gastrointestinal tract [25,50]. In this study, several eCBome receptors are expressed to a lesser extent in the T2D 
compared with the non-T2D group. TRPA1 can be activated and desensitized by AEA [51], and produces both pro- and (when 
desensitized) anti-inflammatory effects [52]. The expression of this gene was significantly more important in the non-T2D group 
compared to T2D. PPARγ can be activated by a large number of lipid mediators [53–56], including AEA and 2-AG [57], and its function 
of regulating lipid metabolism [54], and immune response by inducing an anti-inflammatory response [58] is well described. 
Moreover, GPR18 is a key player in intestinal inflammation, as this receptor controls the accumulation of CD8 + T cells in the 
intraepithelial compartment [59]. Thus, all these three receptors share a common protective function in inflammation, which can 
explain why their expression was lower in the T2D group. 

Although eCBs have often been reported to be associated with obesity, here we suggest that these and related mediators of the 
eCBome play an additional significant role in the establishment of diabetes in obesity, possibly also through their reported regulation 
of several intestinal functions, such as epithelial barrier integrity and inflammation [60]. 

Our study focuses on subjects with severe obesity and this design did not allow us to observe a relationship between the eCBome 
and the development of obesity. Nevertheless, this relationship, i.e., between obesity and the eCB system, has already been investi-
gated in several previous human studies [60]. Of note, the subjects without T2D were not prescribed anti-diabetic treatments as 
opposed to the subjects with T2D diagnosis. These drugs may be important modulators, either directly or indirectly, of eCBome 
signaling [61,62]. Previous studies have mostly measured circulating levels of AEA and/or 2-AG and, in only a few cases, these 
mediators were measured in adipose tissue [16,42] and correlated with adiposity measures [63]. These limitations prevent us from 
performing a comprehensive comparison with previous studies, including individuals with lower BMI and healthier metabolic profiles 
[16]. Nevertheless, our results highlight the importance and the complexity of eCBome signaling, in both the plasma and intestine, in 
the context of human obesity and altered glucose homeostasis. Our data support the existence of important differences in the regu-
lation of circulating and tissue, i.e., intestinal, eCBome signaling in the context of insulin resistance and obesity associated T2D. 
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