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A B S T R A C T   

Background: Obesity and type 2 diabetes are two interrelated metabolic disorders characterized by insulin 
resistance and a mild chronic inflammatory state. We previously observed that leptin (ob/ob) and leptin receptor 
(db/db) knockout mice display a distinct inflammatory tone in the liver and adipose tissue. The present study 
aimed at investigating whether alterations in these tissues of the molecules belonging to the endocannabinoi-
dome (eCBome), an extension of the endocannabinoid (eCB) signaling system, whose functions are important in 
the context of metabolic disorders and inflammation, could reflect their different inflammatory phenotypes. 
Results: The basal eCBome lipid and gene expression profiles, measured by targeted lipidomics and qPCR tran-
scriptomics, respectively, in the liver and subcutaneous or visceral adipose tissues, highlighted a differentially 
altered eCBome tone, which may explain the impaired hepatic function and more pronounced liver inflammation 
remarked in the ob/ob mice, as well as the more pronounced inflammatory state observed in the subcutaneous 
adipose tissue of db/db mice. In particular, the levels of linoleic acid-derived endocannabinoid-like molecules, of 
one of their 12-lipoxygenase metabolites and of Trpv2 expression, were always altered in tissues exhibiting the 
highest inflammation. Correlation studies suggested the possible interactions with some gut microbiota bacterial 
taxa, whose respective absolute abundances were significantly different between ob/ob and the db/db mice. 
Conclusions: The present findings emphasize the possibility that bioactive lipids and the respective receptors and 
enzymes belonging to the eCBome may sustain the tissue-dependent inflammatory state that characterizes 
obesity and diabetes, possibly in relation with gut microbiome alterations.  
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1. Introduction 

During the last years, there has been an upsurge of interest in the 
expanded endocannabinoid (eCB) system - known as the endocannabi-
noidome (eCBome) - which comprises several bioactive lipid families 
biochemically related to the endocannabinoids, their receptors, and 
metabolic enzymes [1,2]. The eCBome is widely distributed in various 
tissues and organs (e.g., brain, liver, intestine, and adipose tissues), and 
owes its importance to its ability to modulate different physiological 
functions such as the regulation of glucose and lipid metabolism, food 
intake, neuroprotection, and inflammation, among others [3–5]. 

The two best characterized endocannabinoids are the arachidonic 
acid (AA) derivatives, N-arachidonoylethanolamine, also known as 
anandamide (AEA), and 2-arachidonoylglycerol (2-AG). They belong 
respectively to two large distinct families of lipids, the N-acylethanol-
amines (NAEs), and the 2-acylglycerols (2-MAGs). Besides AEA, the NAE 
family also includes N-palmitoylethanolamine (PEA), N-stear-
oylethanolamine (SEA), N-oleoylethanolamine (OEA), N-linoleoyletha-
nolamine (LEA), N-eicosapentanoylethanolamine (EPEA), and N- 
docosahexanoylethanolamine (DHEA), while the 2-MAG family en-
compasses 2-oleoylglycerol (2-OG), and 2-linoleoylglycerol (2-LG), 
among others. Within their respective families, AEA and 2-AG are the 
only truly potent and efficacious endogenous agonists of the cannabi-
noid (CB) receptor type 1 (CB1) and 2 (CB2). In addition to the CB re-
ceptors, both endocannabinoids can bind and activate the transient 
receptor potential cation channel subfamily V member 1 (TRPV1). Of 
note, AEA is a weak agonist of the peroxisome proliferator-activated 
receptor (PPAR) γ [6,7]. On the other hand, the other NAEs and 2- 
MAGs act with varying efficacies at other receptors such as PPARα or 
G-protein-coupled receptors 55 (GPR55), 119 (GPR119) and 110 
(GPR110) [6]. The levels of endocannabinoids and related mediators are 
fine-tune regulated by the activity of their synthesizing and degrading 
enzymes [8]. However, studies carried out over the last years have 
revealed a high degree of redundancy of the metabolic pathways and the 
corresponding enzymes of these lipids, further highlighting the 
complexity of the eCBome. Thus, attempting to predict changes in 
eCBome mediator tissue concentrations based on the observed alter-
ations in the expression of corresponding anabolic and catabolic en-
zymes is often challenging [9]. Furthermore, it is known that the 
concentrations of the endocannabinoids-like molecules are also regu-
lated by the availability of their ultimate phospholipid precursors and, 
hence, by the dietary intake of the corresponding fatty acids [10,11]. 

In the context of metabolic disorders, several studies demonstrated 
the existence of an association between altered levels or activation of 
eCB signaling at CB1 receptors and the development of different path-
ological conditions such as obesity and type 2 diabetes [11–16], hepatic 
disorders (i.e., steatosis) [17,18], and intestinal/adipose tissue inflam-
mation [19,20]. Conversely, several pieces of evidence suggest that 
activation of other eCBome receptors, such as CB2, PPARα and γ, 
GPR110 and GPR119 promotes important anti-inflammatory and/or 
incretin-like effects [21,22], which can be exploited to improve insulin 
sensitivity and energy expenditure, thus providing a means for coun-
tering obesity-linked metabolic dysfunctions and ameliorating the 
metabolic status [3,23]. Other eCBome targets such as TRPV1 and 
GPR55 instead play both pro-inflammatory and insulin-sensitizing ac-
tions [22,24]. Thus, the functional complexity of the eCBome, and its 
capacity to differently orchestrate metabolic pathways in different or-
gans and tissues depending on the interplay between ligands and re-
ceptors, need further clarification. 

We have previously shown that genetically obese (ob/ob) and dia-
betic (db/db) mice exhibit distinct gut microbiota (GM) compositions 
and different Gram-negative bacteria-derived lipopolysaccharide (LPS) 

levels [25]. We also described that the inflammatory tone of these mice 
depends on the organ under investigation, with the ob/ob model having 
a more altered hepatic inflammation, while the db/db model was char-
acterized by a more inflamed adipose tissue [25]. Our data thus 
emphasized that the development of obesity and diabetes is specifically 
organ-dysfunction related. In the present work, we aimed at investi-
gating whether tissue-specific eCBome signaling is associated with the 
distinct inflammatory phenotypes characterizing ob/ob and db/db mice. 
Furthermore, given the existence of a bi-directional relationship be-
tween the GM and the eCBome [5,6], we investigated whether the 
observed differential alterations in the eCBome tone correlate with 
changes in the composition/function of the GM. 

2. Materials and methods 

2.1. Tissues 

The liver and the two adipose tissue depots, i.e., subcutaneous adi-
pose tissue (SAT), and visceral adipose tissue (VAT) used in this study to 
explore the eCBome tone originated from the same mice extensively 
phenotyped in Suriano et al., [25]. All mouse experiments were 
approved by and performed in accordance with the guideline of the local 
ethics committee (Ethics committee of the Université catholique de 
Louvain for Animal Experiments specifically approved this study that 
received the agreement number 2017/UCL/MD/005). Housing condi-
tions were specified by the Belgian Law of 29 May 2013, regarding the 
protection of laboratory animals (agreement number LA1230314). 

2.2. Lipid extraction and HPLC-MS/MS for the analysis of eCBome 
mediators 

Lipids were extracted from tissue samples according to the Bligh and 
Dyer method [26]. Briefly, about 10 mg of liver and adipose tissues were 
sampled and homogenized in 1 ml of a 1:1 Tris-HCl 50 mM pH 7: 
methanol solution containing 0.1 M acetic acid and 5 ng of deuterated 
standards. One ml of chloroform was then added to each sample, which 
was then vortexed for 30 s and centrifuged at 3000 ×g for 5 min. The 
organic phase was collected and another 1 ml of chloroform was added 
to the inorganic one. This was repeated twice to ensure the maximum 
collection of the organic phase. The organic phases were pooled and 
evaporated under a stream of nitrogen and then 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 were 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 [27]. Quan-
tification of eCBome-related mediators (Supplemental Table S1), was 
carried out by HPLC interfaced with the electrospray source of a Shi-
madzu 8050 triple quadrupole mass spectrometer and using multiple 
reaction monitoring in positive ion mode for the compounds and their 
deuterated homologs. 

In the case of unsaturated monoacylglycerols, the data are presented 
as 2-monoacylglycerols (2-MAGs) but represent the combined signals 
from the 2- and 1(3)-isomers since the latter are most likely generated 
from the former via acyl migration from the sn-2 to the sn-1 or sn-3 
position. 

2.3. RNA isolation, reverse transcription and qPCR-based TaqMan Open 
Array 

Total RNA was prepared from collected tissues using TriPure reagent 
(Roche). Quantification and integrity analysis of total RNA was per-
formed by running 1 μl of each sample on an Agilent 2100 Bioanalyzer 
(Agilent RNA 6000 Nano Kit, Agilent, Santa Clara, CA, USA). All samples 
had a RNA integrity number (RIN) above 6. cDNA was prepared by 

3 The abbreviations for endocannabinoids and related lipid mediators, re-
ceptors and enzymes are listed in Supplemental Tables S1 and S2. 

F. Suriano et al.                                                                                                                                                                                                                                 



BBA - Molecular and Cell Biology of Lipids 1867 (2022) 159056

3

reverse transcription of 1 μg total RNA using a Reverse Transcription 
System Kit (Promega, Madison, Wisconsin, USA). 

Sixty-five nanograms of starting RNA were used to evaluate the 
expression of the 52 eCBome-related genes and 4 housekeeping genes 
(Supplemental Table S2) using a custom-designed qPCR-based TaqMan 
Open Array on a QuantStudio 12 K Flex Real-Time PCR System (Thermo 
Fisher Scientific, CA, USA) following the manufacturer's instructions. 
Samples were analyzed randomly. mRNA expression levels were calcu-
lated from duplicate reactions using the 2− ΔΔCt method as calculated by 
CFX Maestro Software (Bio-Rad) and are represented as fold change with 
respect to baseline within each tissue. Rps 13 was used as reference gene. 

2.4. Correlation analysis 

As previously described [28], correlation analysis between two data 
sets of variables were performed using the R package ‘psych’ (version 
2.1.6). Based on the normality of the data distribution, a parametric test 
(i.e., Pearson) which assumes a normal distribution, or a non-parametric 
test (i.e., Spearman) which assumes a non-normal distribution of the 
data were used. In detail, Pearson's rank test and the Bonferroni's 
adjustment were used when correlating metabolic parameters with the 
eCBome, whereas Spearman's rank test and Holm's adjustment were 
used when correlating the bacterial taxa with the eCBome. All statistical 
analyses were performed on RStudio (version 4.1.0, Rstudio Team, 
Boston, MA, USA). 

2.5. Statistical analysis 

Data are presented as the mean ± standard error of the mean (S.E.M), 
as specified in the individual tables and figures. The differences between 
the groups were determined using a One-Way ANOVA followed by 
Tukey's post hoc test on ΔΔdCt and on fmol/mg tissue for gene 
expression levels and mediator levels, respectively. Only statistically 
significant differences between ob/ob and db/db mice were reported. 
The differences between experimental groups were considered statisti-
cally significant with P ≤ 0.05 and represented as follows: *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.005, ****P ≤ 0.001. Data were analyzed using 
GraphPad Prism version 8.00 for Windows (GraphPad Software). The 
presence of outliers was assessed using the Grubbs test. 

3. Results 

3.1. Different eCBome profiles in the liver of ob/ob and db/db mice 

We previously showed that ob/ob mice are characterized by a more 
pronounced inflammatory response in the liver as compared to db/db 
mice [25]. Looking for potential mechanisms and causal factors, we 
found that the two mutant mouse models display distinct hepatic bile 
acids profiles and gut microbiota composition [25]. Since there is a 
cross-talk between the gut microbiota and bioactive lipids belonging to 
the eCBome, which have been implicated in several physiological and 
pathological conditions [5,13,29], we wondered whether the different 
inflammatory tones were also associated with differential eCBome 
profiles. Accordingly, we measured the concentration of a panel of 
eCBome-related mediators in tissues from the mice used in the previous 
study [25], and performed transcriptomic analysis looking at the gene 
expression of their corresponding anabolic and catabolic enzymes, as 
well as their receptors (Fig. 1A, B and Supplemental Table S3). Although 
several alterations in both genetic models were found, we discuss 
hereafter only those that were significantly different between ob/ob and 
db/db mice and hence might underlie the observed differences in 
inflammation-related indicators. Other alterations noted in the hepatic 
tissue are shown in Supplemental Table S3. Concerning the eCBs and 
related molecules (Fig. 1A), we did not find any significant change in the 
hepatic concentrations of the two endogenous ligands of CB1 and CB2 
receptors, 2-AG and AEA (data not shown). Conversely, we observed a 

statistically significant decrease of the 2-acylglycerol derivative (i.e., 2- 
LG) and the ethanolamine derivative (i.e., LEA) of linoleic acid (LA), in 
ob/ob mice with respect to db/db mice. 13-HODE-G, which is a novel 
endogenous molecule derived from the 12-lipoxygenase-catalysed 
oxygenation of 2-LG [30], displayed also significantly lower levels in 
ob/ob compared to db/db mice. The levels of the omega-3 fatty acid, 
eicosapentaenoic acid (EPA), and its derivative 2-EPG were also 
decreased in ob/ob mice with respect to the diabetic group, although the 
latter difference did not reach statistical significance (P = 0.072). 
Accordingly, the levels of 15- and 18-HEPE, which are both EPA 
bioactive metabolites, were also significantly reduced in the ob/ob 
compared to db/db group. The 2-DPG, which derives from another 
omega-3 fatty acid, DPA, presented also a trend towards lower levels in 
ob/ob mice compared to db/db mice, while the amounts of the derivative 
of the omega-3 fatty acid DHA, 2-DHG, displayed an opposite and 
strongly significant increase in ob/ob with respect to db/db mice. How-
ever, no significant differences were observed in the concentration of 
DPA and DHA between the two groups (data not shown). The hepatic 
levels of two main NAEs, OEA and PEA, were also significantly higher in 
ob/ob than db/db mice as were those of the 2-monoacylglycerol 2-OG. 
We also examined the hepatic concentration of non-eCBome mediators 
such as the prostaglandins, and found a significant increase of PGD2 and 
PGE2 levels in ob/ob with respect to db/db mice. 

We then investigated if the changes found in the levels of the eCBome 
mediators were accompanied by modulation of the mRNA expression of 
their anabolic and catabolic enzymes or receptors (Fig. 1B). Regarding 
receptors, there were statistically significant changes in the expression 
of Pparg, Ptgfr and Trpv2, which were augmented in the liver of ob/ob 
with respect to the db/db mice. Stronger differences in gene expression 
were observed at the level of eCBome-related metabolic enzymes. Spe-
cifically, there was a global significant increase, in ob/ob compared to 
db/db mice, of: 1) the transcript levels of NAE biosynthetic enzymes, i.e. 
Abhd4, Gdpd1, Inpp5d and Napepld, which could potentially explain the 
increase of hepatic PEA and OEA levels in the ob/ob group, and 2) the 
transcript levels of MAG catabolic enzymes Ces1d and Mgll, which might 
instead explain the lower levels of 2-LG and 2-EPG, but not 2-DHG, in 
these mice. 

Altogether, these results highlight a different anti-inflammatory he-
patic eCBome profile between ob/ob and db/db mice, which may 
partially explain the earlier onset of liver inflammation and impaired 
liver function observed in ob/ob mice as found in Suriano et al., [25]. 

3.2. Different eCBome profiles in the adipose tissues of ob/ob and db/db 
mice 

Despite the lower inflammatory tone in the liver, db/db mice dis-
played elevated inflammation-related parameters in both subcutaneous 
and visceral adipose tissue (SAT and VAT) depots, with the SAT pre-
senting the most pronounced inflammatory phenotype [25]. 

In this latter tissue (Fig. 2A), we found no difference for the endo-
cannabinoid 2-AG between the ob/ob and db/db mice (data not shown). 
However, the 2-acylglycerols 2-PG, 2-OG and 2-DHG, and the 2-LG 12- 
lipoxygenase metabolite, 13-HODE-G were all decreased in db/db with 
respect to ob/ob mice, while 2-LG presented only a trend towards a 
decrease. Regarding NAEs, there were no differences, whereas signifi-
cantly higher levels of the omega-3 fatty acids EPA and DPA were pre-
sent in the db/db compared to the ob/ob group. In the VAT (Fig. 3A), 
despite clear trends, no statistically significant differences were 
observed for almost all the molecules studied, the only exceptions being 
AEA and N-docosahexaenoylethanolamine (DHEA), the levels of which 
were significantly decreased in the db/db group. 

Concerning the genes encoding eCBome-related receptors (Figs. 2B 
and 3B), for SAT and VAT, respectively, Cnr2, Pparg and Trpv2 were the 
only ones showing differential gene expression between the ob/ob and 
db/db groups. In particular, while in SAT the transcript levels of these 
receptors were significantly modified, with Cnr2 and Trpv2 showing an 
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increased expression in db/db respect to ob/ob mice and Pparg having an 
opposite significant trend, in VAT the changes were in the same direc-
tion as SAT but statistically significant only for Pparg and Trpv2. 

Regarding eCBome anabolic and catabolic enzymes, significant dif-
ferences were found for the gene expression of 2-monoacylglycerol 
biosynthetic enzyme Plcb1, the lipoxygenase Alox12 and the NAE 
anabolic enzyme Gde1. Specifically, while in SAT only the mRNA 
expression of Plcb1 and Alox12 displayed a significant decrease in the 
db/db group, in the VAT there was a statistically significant reduction 
also for Gde1. The decreased transcript levels of Plcb1 in the SAT could 

explain the observed reduction of most 2-acylglycerols, although the 
decreased expression was stronger in the VAT, where we found no sig-
nificant decrease in these mediators. Also, the decrease in the expression 
of SAT Alox12 and of VAT Gde1 in the db/db mice, might explain the 
reduction, in these mice, of SAT 13-HODE-G and of VAT NAEs levels, 
respectively. Other alterations remarked in both adipose tissue depots 
are shown in Supplemental Tables S4 and S5, for SAT and VAT, 
respectively. 

The aforementioned results highlight an anti-inflammatory mediator 
profile that was more markedly modified in the SAT than in the VAT 

Fig. 1. Different hepatic eCBome tone in ob/ob and db/db mice. (a) Concentrations of the eCBome-related mediators in the liver tissue (fmol/mg wet tissue weight) 
measured by HPLC-MS/MS. (b) mRNA expression of receptors and metabolic enzymes for 2-monoacylglycerols and N-acylethanolamines measured by qPCR-based 
TaqMan Open Array. Green: CT ob lean mice, red: ob/ob mice, blue CT db lean mice, and violet: db/db mice. Data are presented as the mean ± S.E.M of n = 8–10. *P 
≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005, ****P ≤ 0.001. For mRNA expression, relative units were calculated versus the mean of the CT ob mice values set at 1. Data were 
analyzed by one-way ANOVA followed by Tukey's post hoc test. Abbreviations: see Supplemental Tables S1 and S2. 

Fig. 2. Different eCBome tone in the subcutaneous adipose tissue of ob/ob and db/db mice. (a) Concentrations of the eCBome-related mediators in the subcutaneous 
adipose tissue (fmol/mg wet tissue weight) measured by HPLC-MS/MS. (b) mRNA expression of receptors and metabolic enzymes for 2-monoacylglycerols and N- 
acylethanolamines measured by qPCR-based TaqMan Open Array. Green: CT ob lean mice, red: ob/ob mice, blue CT db lean mice, and violet: db/db mice. Data are 
presented as the mean ± S.E.M of n = 8–10. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.001. For mRNA expression, relative units were calculated versus the mean of the CT ob 
mice values set at 1. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Abbreviations: see Supplemental Tables S1 and S2. 
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when comparing ob/ob and db/db mice, thus possibly explaining in part 
the more pronounced inflammatory phenotype in this tissue. 
Conversely, receptor and enzyme expression were similarly modified in 
the two adipose depots. Globally, these results seem to fit with the in-
crease of the inflammation-related parameters in db/db with respect to 
ob/ob mice as observed in Suriano et al., [25]. 

3.3. Correlations between eCBome mediators and inflammation in the 
liver and the two adipose tissue depots 

Given the different eCBome profiles observed in the liver and the two 
adipose tissue depots between ob/ob and the db/db mice, we explored 
correlations between previously obtained metabolic parameters in these 
three different biological sites and published in Suriano et al., [25], and 
eCBome mediator tissue concentrations or metabolic enzyme and re-
ceptor mRNA expression levels. Analysis of the Pearson's rank correla-
tion matrix confirmed the existence of potential links between certain 

eCBome-lipids and genes and several metabolic parameters. In details, 
starting from the liver, the matrix correlation showed that LA, 2-LG, and 
LEA were negatively correlated with liver weight, markers associated 
with a steatosis state (i.e., total lipid (TL) content, triglyceride (TG) and 
cholesterol (CHOL) content), immune cell recruitment markers (i.e., 
Itgax, crown-like structures number (CLSn)), a marker associated with a 
fibrosis state (Tgfb1), and a bile acid metabolism marker (i.e., Abcb4); 
EPA was positively correlated with a bile acid metabolism marker 
(Slc27a5); 15-HEPE was positively correlated with the LPS concentra-
tion; 2-DHG, and 2-OG were positively correlated with a marker of 
steatosis (i.e., TL content), immune cell recruitment and inflammatory 
markers (i.e. Ccl2, Itgax, CLSn, Cd14, Tlr2), fibrosis markers (i.e., Col1a1, 
Tgfb1), and a bile acid metabolism marker (i.e., Slc51b); PGE2 was 
positively associated with immune cell recruitment markers (i.e., Ccl2, 
Cd68). In addition, most of the receptors and metabolic enzymes for the 
eCBome-mediators were positively correlated with the final body 
weight, final fat mass (FM), liver weight, steatosis (i.e., TL, TG and CHOL 

Fig. 3. Different eCBome tone in the visceral adipose tissue of ob/ob and db/db mice. (a) Concentrations of the eCBome-related mediators in the visceral adipose 
tissue (fmol/mg wet tissue weight) measured by HPLC-MS/MS. (b) mRNA expression of receptors and metabolic enzymes for 2-monoacylglycerols and N-acyle-
thanolamines measured by qPCR-based TaqMan Open Array. Green: CT ob lean mice, red: ob/ob mice, blue CT db lean mice, and violet: db/db mice. Data are 
presented as the mean ± S.E.M of n = 8–10. **P ≤ 0.01, ***P ≤ 0.005, ****P ≤ 0.001. For mRNA expression, relative units were calculated versus the mean of the CT 
ob mice values set at 1. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Abbreviations: see Supplemental Tables S1 and S2. 
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content), immune cell recruitment and inflammation markers (i.e., Ccl2, 
Itgax, Cd68, CLSn, Cd14, Tlr4, Tlr2, Tlr5, Nlrp3, Tnf, Il1b), fibrosis 
markers (i.e., Col1a1, Tgfb1), and bile acid metabolism markers (Abcb4, 
Slc51b); and they were negatively correlated with other bile acid 
metabolism markers (Cyp27a1, Slc10a1, Oatp1b2) (Fig. 4). 

Contrary to what we observed in the liver, we found that, in the SAT, 
2-PG, 2-OG, 2-LG, and Plcb1 were positively correlated with the in-
flammatory marker Tlr5; DPA was positively correlated with SAT 
weight, LPS concentration, and a marker of immune cell recruitment (i. 
e., Ccl2); similarly, Cnr2 was positively correlated with another marker 
of immune cell recruitment (i.e., Cd68) (Fig. 5A). On the other hand, in 
the VAT, Cnr2 was positively correlated with final body weight, final 
FM, VAT weight, LPS concentration, immune cell recruitment and in-
flammatory markers (i.e., Ccl2, Adgre1, Itgax, Cd68, Tlr4, Tlr2, and Il1b); 
Pparg and Gde1 were both negatively correlated with final body weight, 
final FM, VAT weight, LPS concentration, immune cell recruitment and 
inflammation markers (i.e., Adgre1, Itgax, Cd68, and Il1b) (Fig. 5B). 
Taken together, these observations highlight how eCBome signaling 
may be involved in modulating, or being modulated by, various meta-
bolic and inflammatory pathways in three different biological sites, 
whose functions are closely related to obesity and associated metabolic 
disorders. 

3.4. Correlations between eCBome mediators and gut microbiota taxa 
with emphasis on taxa involved in inflammation 

Changes in the composition of the GM could partly underlie, or be 
caused by, the alterations in eCBome signaling described above, thereby 
contributing both directly and indirectly to the different inflammatory 
tone described in the liver and the two adipose tissue depots. To this end, 

we investigated the existence of correlations between eCBome mediator 
tissue concentrations or metabolic enzyme and receptor mRNA expres-
sion levels and the absolute abundance of bacterial taxa that were, or 
tended to be, significantly different between ob/ob and db/db mice. 
When exploring such correlations using Spearman's rank correlation 
matrix, we observed that several bacterial taxa belonging to the Firmi-
cutes phylum were either positively or negatively correlated with mol-
ecules involved in eCBome signaling. In details, 
Clostridium_sensu_stricto_1, was negatively correlated with hepatic con-
centrations of 2-LG, 13-HODE-G, and EPA, and positively correlated 
with PEA and PGD2; Dubosiella, was positively correlated with PGD2; 
Lachnospiraceae_UCG_006, was positively correlated with 15-HEPE; 
Turicibacter, was negatively correlated with EPA and positively corre-
lated with PEA, PGE2, and PGD2. On the other hand, Rikenella-
ceae_RC9_gut.group, belonging to the Bacteroidetes phylum was 
negatively correlated with PEA and PGD2; Bacteroides, belonging to the 
same phylum was negatively correlated with PGD2 (Fig. 6). We also 
found that Clostridium_sensu_stricto_1 was positively correlated with the 
SAT 13-HODE-G and Pparg, while Turicibacter was positively correlated 
with the SAT 2-DHG and 13-HODE-G (Fig. 7A). The same bacterial taxa, 
as well as Dubosiella, were both positively correlated with the VAT level 
of Plcb1 (Fig. 7B). These correlative data suggest the existence of a direct 
or indirect cross-talk between eCBome signaling in the liver, SAT or VAT 
and the GM. 

4. Discussion 

In the present study, we aimed at exploring whether alterations, 
either at the transcriptional level or in terms of tissue concentrations of 
mediators belonging to the eCBome, a complex signaling system whose 

Fig. 4. Correlation plot between 
altered metabolic parameters and 
eCBome-related mediators and mRNAs 
measured in the liver. Correlation ma-
trix showing Pearson correlations with 
Bonferroni's adjustment in the liver. 
Positive correlations are shown in blue 
and negative correlations in red. Color 
intensity and size of the circles are 
proportional to the correlation co-
efficients. “X” refers to the first data set, 
the metabolic parameters measured in 
the liver while “Y” refers to the second 
data set, eCBome-related mediators and 
mRNAs measured in the liver.   
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Fig. 5. Correlation plots between altered 
metabolic parameters and the eCBome- 
related mediators and mRNAs measured 
in the two adipose tissue depots. (a) 
Correlation matrix showing Pearson cor-
relations with Bonferroni's adjustment in 
the subcutaneous adipose tissue; (b) 
Correlation matrix showing Pearson cor-
relations with Bonferroni's adjustment in 
the visceral adipose tissue. Positive cor-
relations are displayed in blue and 
negative correlations in red. Color in-
tensity and size of the circles are pro-
portional to the correlation coefficients. 
“X” refers to the first data set, the meta-
bolic parameters measured in the two 
respective adipose tissue depots while 
“Y” refers to the second data set, the 
eCBome-related mediators and mRNAs 
measured in the two respective adipose 
tissue depots.   
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dysregulation is associated with different pathological conditions (e.g., 
obesity and type 2 diabetes) [1,13,18,31], could reflect the different 
inflammatory phenotypes that we previously observed in genetically 
obese (ob/ob) and diabetic (db/db) mice [25]. Although both mutant 
mice exhibit the same body weight and fat mass gain evolution over the 
course of the experiment, they develop distinctive inflammatory phe-
notypes, with the liver being more inflamed in ob/ob mice, and the 
adipose tissues being more inflamed in db/db mice. While different 
underlying molecular mechanism are at the basis of leptin signaling 
deficiency in ob/ob and db/db mice (ligand versus receptor, respectively) 
[32], many mechanistic details associating impaired leptin signaling 
with the development of inflammation in ob/ob and db/db mice remain 
poorly investigated and need further insight. Likewise, the relevance of 
findings obtained in these mice to diet-induced obesity and ensuing 
systemic and organ inflammation also remains to be fully explored. 
Seeking for a causal factor, the results we provide are unique since they 
represent a comprehensive investigation of how bioactive lipids as well 
as receptors and enzymes belonging to eCBome and related prosta-
glandin signaling may potentially sustain or counteract the tissue- 
dependent inflammatory state in mice having the same body weight 
but different glucose homeostasis. We identified the presence of a 
possible inflammation-related molecular profile, since some of the 
observed alterations were characteristic of all tissues showing the most 
pronounced inflammatory response, i.e.: 1) 2-LG and its 12-lipoxyge-
nase metabolite 13-HODE-G [30] were present in reduced concentra-
tions, and 2) Trpv2 showed increased expression, in both the liver of ob/ 
ob mice and the adipose tissue depots of db/db mice. While still little is 
known about the receptors of 13-HODE-G, the levels of the established 
targets for 2-LG, i.e. GPR119 and TRPV1 (activated by all saturated and 
polyunsaturated 2-MAGs [33]), were not modified in either liver and 
adipose tissues of obese and diabetic mice. Interestingly, GPR119 is also 

activated by: 1) 2-OG, whose levels were also reduced in the liver and 
SAT of db/db mice, and 2) LEA, a NAE whose levels were significantly 
decreased in the liver of ob/ob mice. Regarding the non-selective cation 
channel Trpv2, its expression in immune cells suggests a role in the 
immune response and inflammation [34,35], and, in hepatomas, a 
stimulatory function on oxidative stress [36]. To date, the only eCBome 
mediators that have been shown to act as TRPV2 ligands are the un-
saturated long chain NAEs, such as LEA, which were found to antagonize 
this channel [37]. Therefore, we hypothesize that the more pronounced 
inflammatory tone in the liver and adipose tissues of ob/ob and db/db 
mice, respectively, might be due in part to higher expression of Trpv2 
and, in the former organ, to the lower levels of its endogenous antagonist 
LEA. However, the contribution of TRPV2 to inflammation requires 
further investigations, and in vitro and in vivo experiments are needed to 
elucidate its role in the context of obesity. 

In addition to those mentioned above, other tissue-specific inflam-
mation-related changes were observed. We found significantly 
decreased levels of the omega-3 fatty acid EPA and its derivatives in ob/ 
ob mice, characterized by inflammation-related hepatic injuries. It is 
known that n-3 PUFAs exert metabolic benefits, which may also result 
from the elevation of their corresponding NAEs and 2-MAGs [38], as 
well as other N-acylamides [39], which possess anti-inflammatory and 
anti-cancer actions and potential cardiometabolic and neuroprotective 
effects independent of cannabinoid receptors [40–43]. In agreement 
with this hypothesis, and with the reduced availability of EPA, we also 
remarked a decrease of the eCBome EPA derivative, 2-EPG, as well as of 
the bioactive metabolites 15- and 18-HEPE, in the liver of ob/ob mice. In 
contrast, we found increased levels of the DHA-derived 2-DHG in ob/ob 
mice, possibly as a compensatory mechanism to counteract the stronger 
hepatic inflammation observed in this group. Indeed, a recent study in 
humans with abdominal obesity and low-grade systemic inflammation 

Fig. 6. Correlation plot between 
altered bacterial taxa and eCBome- 
related mediators and mRNAs 
measured in the liver tissue. Correlation 
matrix (Pearson with Bonferroni's 
adjustment); positive correlations are 
displayed in blue and negative correla-
tions in red. Color intensity and size of 
the circles are proportional to the cor-
relation coefficients. “X” refers to the 
first data set, the altered bacterial taxa 
while “Y” refers to the second data set, 
the eCBome-related mediators and 
mRNAs measured in the liver.   
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Fig. 7. Correlation plots between altered 
bacterial taxa and the eCBome-related 
mediators and mRNAs measured in the 
two adipose tissue depots. (a) Subcu-
taneous adipose tissue; (b) Visceral adi-
pose tissue. Correlation matrix (Pearson 
with Bonferroni's adjustment); positive 
correlations are displayed in blue and 
negative correlations in red. Color in-
tensity and size of the circles are pro-
portional to the correlation coefficients. 
“X” refers to the first data set, the altered 
bacterial taxa while “Y” refers to the 
second data set, the eCBome-related 
mediators and mRNAs measured in the 
two respective adipose tissue depots.   
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showed that DHA may produce stronger anti-inflammatory effects as 
compared to EPA [44]. The increased hepatic levels of a DHA derivative 
(i.e. 2-DHG) vs EPA may be due to a more efficacious conversion of EPA 
into DHA in ob/ob mice as compared to their controls, a possibility that 
deserves further investigation. On the other hand, the increased levels of 
the two omega-3 PUFAs, EPA and DPA, in the more inflamed SAT of db/ 
db mice led us to speculate about a possible negative feedback mecha-
nism; however, the statistically significant reduced levels of the 2-DHG 
in this tissue were in agreement with a more pronounced inflammatory 
status. Regarding the VAT, we only observed reduced levels of the DHA- 
derived NAE, DHEA, which is known to exert anti-inflammatory effects 
in several inflammation models [41] as well as in LPS-induced inflam-
mation in adipocytes [45], and might, therefore partly explain the 
higher inflammatory tone in the VAT of db/db mice. Accordingly, the 
expression levels of the nuclear receptor Pparg, which has been sug-
gested to partially mediate, together with CB2, DHEA anti-inflammatory 
actions [45], were significantly decreased in the VAT of db/db mice. 

Previous in vitro and in vivo studies have also described altered NAE 
and 2-MAG levels, together with an excessive activation/expression of 
CB1, in the liver and adipose tissue both at the cellular and tissue levels 
during obesity and diabetes, thereby leading to altered lipid and glucose 
metabolism as well as inflammation [3,15,46]. Consistently, Cnr1 
(encoding CB1)-KO mice are protected against diet-induced obesity 
[15]. However, in our study, no change in the expression of Cnr1 was 
observed, nor in the levels of the endocannabinoid 2-AG in all the tissues 
considered, or of AEA hepatic and SAT levels, thus suggesting that CB1 
activation by AEA or 2-AG is not the main contributor to the stronger 
hepatic and adipose tissues inflammation observed in ob/ob and db/db 
mice, respectively. In the VAT, in fact, the levels of AEA were signifi-
cantly reduced in db/db compared to ob/ob mice, possibly in agreement 
with the decreased expression levels of Pparg, which has been shown to 
be transcriptional activated by AEA in the micromolar concentration 
range [47,48], to stimulate the differentiation of fibroblasts to adipo-
cytes [47], and to exert anti-inflammatory effects [49]. 

Despite a more-pronounced liver inflammation, we observed 
increased hepatic levels of the two AEA congeners, OEA and PEA in ob/ 
ob mice. Previous in vitro and in vivo studies have already described the 
anti-inflammatory, analgesic and neuroprotective effects exerted by 
OEA and PEA through PPARα-dependent mechanisms [50–52]. 
Furthermore, administration of PEA induced significant improvement in 
a rat model of liver fibrosis, possibly by inhibiting the activation of 
hepatic stellate and Kupffer cells [53]. It is therefore possible that 
increased hepatic levels of OEA and PEA in ob/ob mice, together with 
higher hepatic expression of Pparg, are the result of compensatory 
mechanisms aimed at counteracting the hepatic inflammation and 
fibrosis observed in this model. A similar compensatory mechanism may 
have occurred in the SAT (and, in a non-statistically significant manner, 
in the VAT) of db/db mice through an increased expression of the eCB 
receptor, Cnr2, a well-characterized anti-inflammatory receptor, known 
to be upregulated in a plethora of inflammatory conditions [54,55]. 

From a more mechanistic point of view, the observed increase in the 
hepatic levels of some NAEs may be due to the increased expression of 
Napepld, the main anabolic enzymes for NAEs, as well as of other 
anabolic enzymes (i.e., Abhd4, Gdpd1, Inpp5d), which may also partially 
contribute to NAE biosynthesis [56]. We recently discovered that NAPE- 
PLD is a key regulatory enzyme whose function may go beyond the 
synthesis of NAEs, since its hepatocyte-specific deletion in mice was 
associated also with a marked modification of various bioactive lipids 
involved in host homeostasis, such as the bile acids (BAs) [57]. On the 
other hand, Margheritis et al., [58] demonstrated that BAs (i.e., deox-
ycholic acid) in turn modulate NAPE-PLD activity. We can therefore not 
exclude that the increased expression of Napepld may also be due to 
cholic acid, a primary bile acid, whose hepatic concentration is 
increased in ob/ob mice [25]. To date, however, there are no studies 
describing the modulation of NAPE-PLD by cholic acid and further in-
vestigations are needed in this direction. That being said, increased 

hepatic Napepld expression may explain the higher OEA and PEA levels, 
but not the lower LEA concentrations, in the liver, thus indicating that 
NAE biosynthesis is regulated by different enzymes as well as by pre-
cursor availability (which, in the case of LEA, was indeed reduced in ob/ 
ob mice). Likewise, the higher hepatic expression levels of 2-MAG- 
hydrolysing enzymes, i.e. carboxylesterase 1D (Ces1d) and, particu-
larly, Mgll, might explain the lower levels of 2-LG, but not the increase of 
2-OG, in ob/ob mice. Instead, in the SAT, the generalized decrease in 2- 
MAGs (but not 2-AG) observed in db/db mice may have resulted from the 
decreased expression of Plcb1, encoding the enzyme catalyzing the rate- 
limiting reaction in 2-MAG biosynthesis. However, Plcb1 was also down- 
regulated in the VAT, where 2-MAG levels were not different between 
ob/ob and db/db mice. Finally, reduced expression of the NAE- 
biosynthetic enzyme, Gde1, was observed only in the VAT and so were 
the reduced concentrations of AEA and DHEA, but not of other NAEs, 
whereas the observed decrease in the expression of Alox12 may explain 
the reduction in the levels of 13-HODE-G in the SAT, but not the lack of 
changes in this metabolite found in the VAT. 

An additional potential mechanism underlying metabolic disorder- 
associated inflammation may be represented by the increase of two 
pro-inflammatory eicosanoids, the prostaglandins PGE2 and PGD2 as 
well as of the expression of the prostaglandin F2α receptor Ptgfr observed 
in the liver of ob/ob mice compared to db/db mice [59]. 

Looking for specific links between eCBome-signaling and the meta-
bolic parameters measured in the three different biological sites, we 
carried out correlation analyses and observed that eCBome mediator or 
metabolic enzyme/receptor gene expression levels were either posi-
tively or negatively correlated with several metabolic parameters linked 
to steatosis, recruitment of immune cells, and inflammation. This sug-
gests that this complex endogenous signaling system may affect the 
metabolic function of the respective tissues. In particular, we noticed 
that hepatic 15-HEPE, suggested to act as an anti-inflammatory bio- 
active lipid [60,61], was positively correlated with LPS levels, which 
may reflect a negative feedback response of the db/db mice aimed at 
counteracting steatosis, inflammation, and fibrosis. Increased circu-
lating levels of LPS, a condition known as metabolic endotoxemia, were 
previously associated with obesity, insulin resistance, hepatic lipid 
accumulation, liver and adipose tissue inflammation [62–64]. The levels 
of the TRPV2 antagonist, LEA, and of 2-LG, were negatively correlated 
with hepatic TG content, which in turn is directly related to hepatic 
inflammation, thus supporting the aforementioned potent protective 
role of these two eCBome mediators against liver inflammation in ob/ob 
mice. Additionally, on the one hand, PGE2 levels, Ptgfr, Mgll, and Trpv2 
gene expression, and, on the other hand, Pparg, Napepld, and Gde1 gene 
expression, which, as discussed above, have been associated with 
inflammation and immune cell recruitment or protection against it, 
respectively, were positively correlated with immune and inflammatory 
markers, liver weight or TG content, thus strengthening their possible 
role in causing, or attempting to adapt to, the higher lipid accumulation 
and inflammatory tone in the liver of ob/ob mice. In the two adipose 
tissues, fewer correlations were observed between eCBome signaling 
and metabolic parameters, which could suggest that other factors, in 
addition to the altered eCBome, may be implicated in the modulation of 
the inflammatory tone observed in the SAT and VAT, particularly in db/ 
db mice. Nevertheless, we did observe the expected positive correlation 
between Cnr2 and the macrophage marker Cd68 in the SAT as well as 
with other inflammatory markers in the VAT, and negative correlations 
between Pparg and Gde1 and LPS and other inflammatory markers in this 
adipose tissue depot, thus substantiating some of the speculations made 
above regarding the role of these eCBome members in adipose tissue 
inflammation in db/db mice. Pparg was also negatively correlated with 
VAT weight, but this may reflect the positive correlation between the 
latter and LPS, which inhibits adipocyte differentiation, with subsequent 
adipocyte death, recruitment of immune cells and inflammation, which 
are all typical features of db/db mice [46,65]. 

Among the factors contributing to both hepatic and adipose tissue 
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inflammation in obesity, we have previously shown that the gut 
microbiota may act as a key modulator, notably through the LPS-eCB 
system regulatory loops, of the adipose tissue metabolism/function 
and general lipid homeostasis regulation in the liver [46]. The gut 
microbiota has indeed been proposed to regulate levels of endocanna-
binoids in the adipose tissue and the gut, and changes in its composition 
are sufficient to reduce peripheral eCB system tone in genetically 
induced and diet-induced models of obesity [5]. To provide indirect 
evidence that the gut microbiota plays a role in determining eCBome 
participation in the inflammatory phenotype of ob/ob mouse livers or 
db/db mouse adipose tissue, we analyzed the correlation between the 
eCBome members and the absolute abundance of certain fecal bacterial 
taxa that were different between the two mutant mouse models [25]. 
Interestingly, some bacterial taxa were either positively or negatively 
correlated with certain eCBome-related molecules and receptors. 
Among them, Clostridium_sensu_stricto_1 deserves particular attention 
since its absolute quantity was significantly higher in ob/ob mice than in 
db/db mice and was positively correlated with either pro-inflammatory 
(i.e., PGD2) or anti-inflammatory (i.e., PEA) hepatic bioactive lipids, 
and negatively correlated with other anti-inflammatory bioactive lipids 
(i.e., 2-LG, 13-HODE-G, and EPA). As a matter of fact, recent findings in 
humans and mice showed that this bacterial taxon was positively 
correlated with indicators of body weight and serum lipids [66], and 
with all non-alcoholic fatty-liver disease parameters [67]. In our present 
study, the same bacterial taxon was positively correlated with the levels 
of the putative anti-inflammatory lipid 13-HODE-G, and Pparg expres-
sion, measured in the SAT, suggesting a negative feedback response 
aiming at counteracting inflammation, whereas in the VAT Clos-
tridium_sensu_stricto_1 was positively correlated with Plcb1 expression. 

Taken together, the results from our correlational analyses reinforce 
the hypothesis that the different profiles of eCBome signaling observed 
in the liver and adipose tissue depots of ob/ob and db/db mice may 
contribute to the respective inflammatory phenotypes in these tissues. 
However, more studies are needed to elucidate whether the identified 
eCBome-related molecules and their respective receptors and enzymes 
have a causal role in inflammation in these two genetically obese mouse 
models. Indeed, the major limitation of this study consists in the lack of 
new in vitro experiments to elucidate the mechanisms of action of the 
eCBome members found to undergo differential changes in this study, 
and the reliance on previously published data on this aspect. Conse-
quently, our correlation analyses do not imply causation and will require 
further studies. 

In conclusion, the present study shows potential divergences in 
eCBome signaling between ob/ob and db/db mice that could be related to 
the etiology or consequences of the different inflammatory tone 
observed in the liver and the adipose tissue depots of these two mutant 
strains. The identification of such bioactive lipids and their related re-
ceptors and anabolic/catabolic enzymes may represent the basis of 
novel therapeutic approaches to tackle inflammation, which is a well- 
known common feature associated with obesity and diabetes. Besides, 
this work identified host-microbiome-eCBome interactions whose rele-
vance in the context of obesity-related inflammation needs to be further 
assessed by means of mechanistic studies. 
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MEND) at Université Laval, funded by the Federal Tri-Agency of Canada. 
V.D. is the recipient of two Canada Foundation for Innovation grants 
(37392 and 37858). 

CRediT authorship contribution statement 

Conceptualization: F.S., P.D.C. and V.D. Methodology: F.S., C.M., N. 
F., P.D.C., V.D. Correlation analysis: F.S. and C.D. Funding acquisition: 
P.D.C., V.D., C.S., N.F. Investigation: F.S., C.M., N.F., C.D., M.V.H., C.S. 
Supervision: P.D.C and V.D. Resources: P.D.C., N.M.D., C.S., N.F., V.D. 
Writing - Original Draft: F.S., C.M., P.D.C. and V.D. Writing - Review & 
Editing: all the authors. All authors have read and agreed to the pub-
lished version of the manuscript. 

Declaration of competing interest 

None. 

Acknowledgments 

We thank B. Es Saadi, A. Puel and C. Martin for their excellent 
technical assistance. We thank M. Verce for his help with data visuali-
zation using R Studio. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbalip.2021.159056. 

References 

[1] L. Cristino, T. Bisogno, V. Di Marzo, Cannabinoids and the expanded 
endocannabinoid system in neurological disorders, Nat. Rev. Neurol. 16 (1) (2020) 
9–29, https://doi.org/10.1038/s41582-019-0284-z. 

[2] V. Di Marzo, J. Wang (Eds.), The Endocannabinoidome: The World of 
Endocannabinoids and Related Mediators, USA:Academic Press Books-Elsevier, 
2015. 

[3] A. Veilleux, V. Di Marzo, C. Silvestri, The expanded endocannabinoid system/ 
endocannabinoidome as a potential target for treating diabetes mellitus, Curr. 
Diab. Rep. 19 (11) (2019) 117, https://doi.org/10.1007/s11892-019-1248-9. 

[4] V. Di Marzo, The endocannabinoidome as a substrate for noneuphoric 
phytocannabinoid action and gut microbiome dysfunction in neuropsychiatric 
disorders, Dialogues Clin. Neurosci. 22 (3) (2020) 259–269, https://doi.org/ 
10.31887/DCNS.2020.22.3/vdimarzo. 

[5] P.D. Cani, H. Plovier, M. Van Hul, L. Geurts, N.M. Delzenne, C. Druart, A. Everard, 
Endocannabinoids—at the crossroads between the gut microbiota and host 
metabolism, Nat. Rev. Endocrinol. 12 (3) (2016) 133–143, https://doi.org/ 
10.1038/nrendo.2015.211. 

[6] V. Di Marzo, New approaches and challenges to targeting the endocannabinoid 
system, Nat. Rev. Drug Discov. 17 (9) (2018) 623–639, https://doi.org/10.1038/ 
nrd.2018.115. 

[7] C.J. Hillard, Circulating endocannabinoids: from whence do they come and where 
are they going? Neuropsychopharmacology 43 (1) (2018) 155–172, https://doi. 
org/10.1038/npp.2017.130. 

[8] I.F. Arturo, P. Fabiana, in: John Wiley eLS, Ltd Sons (Eds.), Endocannabinoidome, 
2020, https://doi.org/10.1002/9780470015902.a0028301. 

F. Suriano et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.bbalip.2021.159056
https://doi.org/10.1016/j.bbalip.2021.159056
https://doi.org/10.1038/s41582-019-0284-z
http://refhub.elsevier.com/S1388-1981(21)00184-0/rf0010
http://refhub.elsevier.com/S1388-1981(21)00184-0/rf0010
http://refhub.elsevier.com/S1388-1981(21)00184-0/rf0010
https://doi.org/10.1007/s11892-019-1248-9
https://doi.org/10.31887/DCNS.2020.22.3/vdimarzo
https://doi.org/10.31887/DCNS.2020.22.3/vdimarzo
https://doi.org/10.1038/nrendo.2015.211
https://doi.org/10.1038/nrendo.2015.211
https://doi.org/10.1038/nrd.2018.115
https://doi.org/10.1038/nrd.2018.115
https://doi.org/10.1038/npp.2017.130
https://doi.org/10.1038/npp.2017.130
https://doi.org/10.1002/9780470015902.a0028301


BBA - Molecular and Cell Biology of Lipids 1867 (2022) 159056

13

[9] F. Piscitelli, V. Di Marzo, “Redundancy” of endocannabinoid inactivation: new 
challenges and opportunities for pain control, ACS Chem. Neurosci. 3 (5) (2012) 
356–363, https://doi.org/10.1021/cn300015x. 

[10] V. Di Marzo, Endocannabinoids: synthesis and degradation, Rev. Physiol. Biochem. 
Pharmacol. 160 (2008) 1–24, https://doi.org/10.1007/112_0505. 

[11] S. Castonguay-Paradis, S. Lacroix, G. Rochefort, L. Parent, J. Perron, C. Martin, 
B. Lamarche, F. Raymond, N. Flamand, V. Di Marzo, A. Veilleux, Dietary fatty acid 
intake and gut microbiota determine circulating endocannabinoidome signaling 
beyond the effect of body fat, Sci. Rep. 10 (1) (2020) 15975, https://doi.org/ 
10.1038/s41598-020-72861-3. 

[12] C. Silvestri, V. Di Marzo, The endocannabinoid system in energy homeostasis and 
the etiopathology of metabolic disorders, Cell Metab. 17 (4) (2013) 475–490, 
https://doi.org/10.1016/j.cmet.2013.03.001. 

[13] V. Di Marzo, C. Silvestri, Lifestyle and metabolic syndrome: contribution of the 
endocannabinoidome, Nutrients 11 (8) (2019), https://doi.org/10.3390/ 
nu11081956. 

[14] N. Forte, A.C. Fernandez-Rilo, L. Palomba, V. Di Marzo, L. Cristino, Obesity affects 
the microbiota-gut-brain axis and the regulation thereof by endocannabinoids and 
related mediators, Int. J. Mol. Sci. 21 (5) (2020), https://doi.org/10.3390/ 
ijms21051554. 

[15] B. Gatta-Cherifi, D. Cota, New insights on the role of the endocannabinoid system 
in the regulation of energy balance, Int. J. Obes. 40 (2) (2016) 210–219, https:// 
doi.org/10.1038/ijo.2015.179. 

[16] J.D. O'Hare, E. Zielinski, B. Cheng, T. Scherer, C. Buettner, Central 
endocannabinoid signaling regulates hepatic glucose production and systemic 
lipolysis, Diabetes 60 (4) (2011) 1055–1062, https://doi.org/10.2337/db10-0962. 

[17] V. Purohit, R. Rapaka, D. Shurtleff, Role of cannabinoids in the development of 
fatty liver (steatosis), AAPS J. 12 (2) (2010) 233–237, https://doi.org/10.1208/ 
s12248-010-9178-0. 

[18] I. Bazwinsky-Wutschke, A. Zipprich, F. Dehghani, Endocannabinoid system in 
hepatic glucose metabolism, fatty liver disease, and cirrhosis, Int. J. Mol. Sci. 20 
(10) (2019), https://doi.org/10.3390/ijms20102516. 

[19] M.A. Karwad, D.G. Couch, E. Theophilidou, S. Sarmad, D.A. Barrett, M. Larvin, K. 
L. Wright, J.N. Lund, S.E. O’Sullivan, The role of CB1 in intestinal permeability and 
inflammation, FASEB J. 31 (8) (2017) 3267–3277, https://doi.org/10.1096/ 
fj.201601346R. 

[20] K. Kempf, J. Hector, T. Strate, B. Schwarzloh, B. Rose, C. Herder, S. Martin, 
P. Algenstaedt, Immune-mediated activation of the endocannabinoid system in 
visceral adipose tissue in obesity, Horm. Metab. Res. 39 (8) (2007) 596–600, 
https://doi.org/10.1055/s-2007-984459. 

[21] M. Maccarrone, I. Bab, T. Biro, G.A. Cabral, S.K. Dey, V. Di Marzo, J.C. Konje, 
G. Kunos, R. Mechoulam, P. Pacher, K.A. Sharkey, A. Zimmer, Endocannabinoid 
signaling at the periphery: 50 years after THC, Trends Pharmacol. Sci. 36 (5) 
(2015) 277–296, https://doi.org/10.1016/j.tips.2015.02.008. 

[22] R. Witkamp, Fatty acids, endocannabinoids and inflammation, Eur. J. Pharmacol. 
785 (2016) 96–107, https://doi.org/10.1016/j.ejphar.2015.08.051. 

[23] A. Nagappan, J. Shin, M.H. Jung, Role of cannabinoid receptor type 1 in insulin 
resistance and its biological implications, Int. J. Mol. Sci. 20 (9) (2019), https:// 
doi.org/10.3390/ijms20092109. 

[24] A. Stasiulewicz, K. Znajdek, M. Grudzien, T. Pawinski, A.J.I. Sulkowska, A guide to 
targeting the endocannabinoid system in drug design, Int. J. Mol. Sci. 21 (8) 
(2020), https://doi.org/10.3390/ijms21082778. 

[25] F. Suriano, S. Vieira-Silva, G. Falony, M. Roumain, A. Paquot, R. Pelicaen, 
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