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Abbreviations 25 

The abbreviations for endocannabinoid and related lipid mediator, receptors and enzymes are listed in 26 

Supplemental Table S1 and S2.  27 

2-MAGs, 2-acylglycerols; AA, arachidonic acid; Acaca, acetyl-Coenzyme A carboxylase alpha; Adgre1, 28 

adhesion G Protein-Coupled Receptor E1; Baat, bile acid-Coenzyme A: amino acid N-acyltransferase; 29 

CAconc, cholic acid concentration; CB1, cannabinoid receptor type 1; CB2, cannabinoid receptor type 2; Ccl2, 30 

chemokine (C-C motif) ligand 2; Cd14, CD14 antigen; Cd163, CD163 antigen; Cd68, CD68 antigen; Cebpa, 31 

CCAAT/enhancer binding protein (C/EBP) alpha; CHOLcont, cholesterol content; CLSn, crown-like 32 

structures number; Col1a1, collagen type I alpha 1; Cpt1a, carnitine palmitoyltransferase 1a liver; Cyp27a1, 33 

cytochrome P450 family 27 subfamily a polypeptide 1; Cyp7a1, cytochrome P450 family 7 subfamily a 34 

polypeptide 1; Cyp8b1, cytochrome P450 family 8 subfamily b polypeptide 1; eCB, endocannabinoid; 35 

eCBome, endocannabinoidome; FM, fat mass; GM, gut microbiota; GPR, G-protein-coupled receptor; Hnf4a, 36 

hepatic nuclear factor 4 alpha; Il1b, interleukin 1 beta; Itgax, integrin alpha X; LPS, lipopolysaccharide; 37 

LPSconc, lipopolysaccharide concentration; NAEs, N-acylethanolamines; Nlrp3, NLR family pyrin domain 38 

containing 3; Oatp1b2, solute carrier organic anion transporter family member 1b2; Ptgs2, prostaglandin-39 

endoperoxide synthase 2; Slc10a1, solute carrier family 10 (sodium/bile acid cotransporter family) member 1; 40 

Slc27a5, solute carrier family 27 (fatty acid transporter) member 5; Slc51b, solute carrier family 51 beta 41 

subunit; TGcont, triglycerides content; Tgfb1, transforming growth factor beta 1; TLcont, total lipids content; 42 

Trl2, toll-like receptor 2; Trl4, toll-like receptor 4; Trl5, toll-like receptor 5; TRPV1, transient receptor 43 

potential cation channel subfamily V member 1.  44 
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Abstract 45 

Background: Obesity and type 2 diabetes are two interrelated metabolic disorders characterized by insulin 46 

resistance and a mild chronic inflammatory state. We previously observed that leptin (ob/ob) and leptin 47 

receptor (db/db) knockout mice display a distinct inflammatory tone in the liver and adipose tissue. The present 48 

study aimed at investigating whether alterations in these tissues of the molecules belonging to the 49 

endocannabinoidome (eCBome), an extension of the endocannabinoid (eCB) signaling system, whose 50 

functions are important in the context of metabolic disorders and inflammation, could reflect their different 51 

inflammatory phenotypes. 52 

Results: The basal eCBome lipid and gene expression profiles, measured by targeted lipidomics and qPCR 53 

transcriptomics, respectively, in the liver and subcutaneous or visceral adipose tissues, highlighted a 54 

differentially altered eCBome tone, which may explain the impaired hepatic function and more pronounced 55 

liver inflammation remarked in the ob/ob mice, as well as the more pronounced inflammatory state observed 56 

in the subcutaneous adipose tissue of db/db mice. In particular, the levels of linoleic acid-derived 57 

endocannabinoid-like molecules, of one of their 12-lipoxygenase metabolites and of Trpv2 expression, were 58 

always altered in tissues exhibiting the highest inflammation. Correlation studies suggested the possible 59 

involvement of some gut microbiota bacterial taxa, whose respective absolute abundances were significantly 60 

different between ob/ob and the db/db mice. 61 

Conclusions: The present findings emphasize the possibility that bioactive lipids and the respective receptors 62 

and enzymes belonging to the eCBome may sustain the tissue-dependent inflammatory state that characterize 63 

obesity and diabetes, possibly in relation with gut microbiome alterations.  64 

Keywords: Endocannabinoids, Liver, Adipose tissue, Lipid signaling, Obesity, Diabetes, Microbiome 65 
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1. Introduction 67 

During the last years, there has been an upsurge of interest in the expanded endocannabinoid (eCB) system - 68 

known as the endocannabinoidome (eCBome) - which comprises several bioactive lipid families biochemically 69 

related to the endocannabinoids, their receptors, and metabolic enzymes [1, 2]. The eCBome is widely 70 

distributed in various tissues and organs (e.g., brain, liver, intestine, and adipose tissues), and owes its 71 

importance to its ability to modulate different physiological functions such as the regulation of glucose and 72 

lipid metabolism, food intake, neuroprotection, and inflammation, among others [3-5].  73 

The two best characterized endocannabinoids are the arachidonic acid (AA) derivatives, N-74 

arachidonoylethanolamine, also known as anandamide (AEA), and 2-arachidonoylglycerol (2-AG). They 75 

belong respectively to two large distinct families of lipids, the N-acylethanolamines (NAEs), and the 2-76 

acylglycerols (2-MAGs). Besides AEA, the NAE family also includes N-palmitoylethanolamine (PEA), N-77 

stearoylethanolamine (SEA), N-oleoylethanolamine (OEA), N-linoleylethanolamine (LEA), N-78 

eicosapentanoylethanolamine (EPEA), and N-docosahexanoylethanolamine (DHEA), while the 2-MAG 79 

family encompasses 2-oleoylglycerol (2-OG), and 2-linoleoylglycerol (2-LG), among others. Within their 80 

respective families, AEA and 2-AG are the only truly potent and efficacious endogenous agonists of the 81 

cannabinoid (CB) receptor type 1 (CB1) and 2 (CB2). In addition to the CB receptors, both endocannabinoids 82 

can bind and activate the transient receptor potential cation channel subfamily V member 1 (TRPV1). Of note, 83 

AEA is a weak agonist of the peroxisome proliferator-activated receptor (PPAR) γ [6, 7]. On the other hand, 84 

the other NAEs and 2-MAGs act with varying efficacies at other receptors such as PPARα or G-protein-85 

coupled receptors 55 (GPR55), 119 (GPR119) and 110 (GPR110) [6]. The levels of endocannabinoids and 86 

related mediators are fine-tune regulated by the activity of their synthesizing and degrading enzymes [8]. 87 

However, studies carried out over the last years have revealed a high degree of redundancy of the metabolic 88 

pathways and the corresponding enzymes of these lipids, further highlighting the complexity of the eCBome. 89 

Thus, attempting to predict changes in eCBome mediator tissue concentrations based on the observed 90 

alterations in the expression of corresponding anabolic and catabolic enzymes is often challenging [9]. 91 

Furthermore, it is known that the concentrations of the endocannabinoids-like molecules are also regulated by 92 
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the availability of their ultimate phospholipid precursors and, hence, by the dietary intake of the corresponding 93 

fatty acids [10, 11]. 94 

In the context of metabolic disorders, several studies demonstrated the existence of an association between 95 

altered levels or activation of eCB signaling at CB1 receptors and the development of different pathological 96 

conditions such as obesity and type 2 diabetes [11-16], hepatic disorders (i.e., steatosis) [17, 18], and 97 

intestinal/adipose tissue inflammation [19, 20]. Conversely, several pieces of evidence suggest that activation 98 

of other eCBome receptors, such as CB2, PPARα and γ, GPR110, and GPR119 promote important anti-99 

inflammatory and/or incretin-like effects [21, 22], which can be exploited to improve insulin sensitivity [23]. 100 

Other eCBome targets such as TRPV1 and GPR55 instead play both pro-inflammatory and insulin-sensitizing 101 

actions [22, 24]. Thus, the functional complexity of the eCBome, and its capacity to differently orchestrate 102 

metabolic pathways in different organs and tissues depending on the interplay between ligands and receptors, 103 

need further clarification.  104 

We have previously shown that genetically obese (ob/ob) and diabetic (db/db) mice exhibit a distinct gut 105 

microbiota (GM) compositions and different Gram-negative bacteria-derived lipopolysaccharide (LPS) levels 106 

[25]. We also described that the inflammatory tone of these mice depends on the organ under investigation, 107 

with the ob/ob model having a more altered hepatic inflammation, while the db/db model was characterized 108 

by a more inflamed adipose tissue [25]. Our data thus emphasized that the development of obesity and diabetes 109 

is specifically organ-dysfunction related. In the present work, we aimed at investigating whether tissue-specific 110 

eCBome signaling is associated with the distinct inflammatory phenotypes characterizing ob/ob and db/db 111 

mice. Furthermore, given the existence of a bi-directional relationship between the GM and the eCBome [5, 112 

6], we investigated whether the observed differential alterations in the eCBome tone correlate with changes in 113 

the composition/function of the GM. 114 
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2. Materials and Methods 115 

2.1 Tissues 116 

The liver and the two adipose tissue depots, i.e., subcutaneous adipose tissue (SAT), and visceral adipose tissue 117 

(VAT) used in this study to explore the eCBome tone originated from the same mice used in a previous study 118 

and extensively phenotyped in Suriano et al., [25]. All mouse experiments were approved by and performed 119 

in accordance with the guideline of the local ethics committee (Ethics committee of the Université catholique 120 

de Louvain for Animal Experiments specifically approved this study that received the agreement number 121 

2017/UCL/MD/005). Housing conditions were specified by the Belgian Law of 29 May 2013, regarding the 122 

protection of laboratory animals (agreement number LA1230314). 123 

2.2 Lipid extraction and HPLC-MS/MS for the analysis of eCBome mediators 124 

Lipids were extracted from tissue samples according to the Bligh and Dyer method [26]. Briefly, about 10mg 125 

of liver and adipose tissues were sampled and homogenized in 1ml of a 1:1 Tris-HCl 50mM pH 7: methanol 126 

solution containing 0.1M acetic acid and 5ng of deuterated standards. 1ml of chloroform was then added to 127 

each sample, which were then vortexed for 30 seconds and centrifuged at 3000×g for 5 minutes. The organic 128 

phase was collected and another 1 ml of chloroform was added to the inorganic one. This was repeated twice 129 

to ensure the maximum collection of the organic phase. The organic phases were pooled and evaporated under 130 

a stream of nitrogen and then suspended in 50µl of mobile phase containing 50% of solvent A (water + 1mM 131 

ammonium acetate + 0,05% acetic acid) and 50% of solvent B (acetonitrile/water 95/5 + 1mM ammonium 132 

acetate + 0.05% acetic acid). 40μl of each sample were finally injected onto an HPLC column (Kinetex C8, 133 

150 × 2.1mm, 2.6μm, Phenomenex) and eluted at a flow rate of 400μl/min using a discontinuous gradient of 134 

solvent A and solvent B [27]. Quantification of eCBome-related mediators (supplemental Table S1), was 135 

carried out by HPLC system interfaced with the electrospray source of a Shimadzu 8050 triple quadrupole 136 

mass spectrometer and using multiple reaction monitoring in positive ion mode for the compounds and their 137 

deuterated homologs. 138 
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In the case of unsaturated monoacylglycerols, the data are presented as 2-monoacylglycerols (2-MAGs) but 139 

represent the combined signals from the 2- and 1(3)-isomers since the latter are most likely generated from the 140 

former via acyl migration from the sn-2 to the sn-1 or sn-3 position. 141 

2.3 RNA isolation, Reverse Transcription and qPCR-based TaqMan Open Array  142 

Total RNA was prepared from collected tissues using TriPure reagent (Roche). Quantification and integrity 143 

analysis of total RNA was performed by running 1μl of each sample on an Agilent 2100 Bioanalyzer (Agilent 144 

RNA 6000 Nano Kit, Agilent, Santa Clara, CA, USA). All samples had a RNA integrity number (RIN) above 145 

6. cDNA was prepared by reverse transcription of 1µg total RNA using a Reverse Transcription System Kit 146 

(Promega, Madison, Wisconsin, USA).  147 

Sixty-five nanograms of starting RNA were used to evaluate the expression of the 52 eCBome-related genes 148 

and 4 housekeeping genes (supplemental Table S2) using a custom-designed qPCR-based TaqMan Open Array 149 

on a QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific, CA, USA) following the 150 

manufacturer’s instructions. Samples were analyzed randomly. mRNA expression levels were calculated from 151 

duplicate reactions using the 2-ΔΔCt method as calculated by CFX Maestro Software (Bio-Rad) and are 152 

represented as fold change with respect to baseline within each tissue. Rps 13 was used as reference gene. 153 

2.4 Correlation analysis 154 

As previously described [28], correlation analysis between two data sets of variables were performed using the 155 

R package ‘psych’ (version 2.0.9). Based on the normality of the data distribution, a parametric test (i.e., 156 

Pearson) which assumes a normal distribution, or a non-parametric test (Spearman) which assumes a non-157 

normal distribution of the data were used. In detail, Pearson’s rank test and the Bonferroni’s adjustment were 158 

used when correlating metabolic parameters with the eCBome, whereas Spearman’s rank test and Holm’s 159 

adjustment were used when correlating the bacterial taxa with the eCBome. All statistical analyses were 160 

performed on RStudio (version 3.6.3, Rstudio Team, Boston, MA, USA). 161 

2.5 Statistical analysis 162 
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Data are presented as the mean±standard error of the mean (S.E.M), as specified in the individual tables and 163 

figures. The differences between the groups were determined using a One-Way ANOVA followed by Tukey’s 164 

post hoc test on ΔΔdCt and on fmol/mg tissue for gene expression levels and mediator levels respectively. 165 

Only statistically significant differences between ob/ob and db/db mice were reported. The differences between 166 

experimental groups were considered statistically significant with P≤0.05 and represented as follows: * P 167 

≤0.05, **P ≤ 0.01, ***P ≤0.005, ****P ≤ 0.001. Data were analyzed using GraphPad Prism version 8.00 for 168 

Windows (GraphPad Software). The presence of outliers was assessed using the Grubbs test.  169 
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3. Results 170 

3.1 Different eCBome profiles in the liver of ob/ob and db/db mice 171 

We previously showed that ob/ob mice are characterized by a more pronounced inflammatory response in the 172 

liver as compared to db/db mice[25]. Looking for potential mechanisms and causal factors, we found that the 173 

two mutant models display distinct hepatic bile acids profiles and gut microbiota composition [25]. Since there 174 

is a cross-talk between the gut microbiota and bioactive lipids belonging to the eCBome, which have been 175 

implicated in several physiological and pathological conditions [5, 13, 29], we wondered whether the different 176 

inflammatory tones were also associated with differential eCBome profiles. Accordingly, we measured the 177 

concentration of a panel of eCBome-related mediators in tissues from the mice used in the previous study [25], 178 

and performed transcriptomic analysis looking at the gene expression of their corresponding anabolic and 179 

catabolic enzymes, as well as their receptors (Figure 1A, B and supplemental Table S3). Although several 180 

alterations in both genetic models were found, we discuss hereafter only those that were significantly different 181 

between ob/ob and db/db mice and hence might underlie the observed differences in inflammation-related 182 

indicators. Other alterations noted in the hepatic tissue are shown in supplemental Table S3. Concerning the 183 

eCBs and related molecules (Figure 1A), we did not find any significant change in the hepatic concentrations 184 

of the two endogenous ligands of CB1 and CB2 receptors, 2-AG and AEA (data not shown). Conversely, we 185 

observed a statistically significant decrease of the 2-acylglycerol derivative (i.e., 2-LG) and the ethanolamine 186 

derivative (i.e., LEA) of linoleic acid (LA), in ob/ob mice with respect to db/db mice. 13-HODE-G, which is 187 

a novel molecule derived from the 12-lipoxygenase-catalysed oxygenation of 2-LG [30], displayed also 188 

significantly lower levels in ob/ob compared to db/db mice. The levels of the omega-3 fatty acid, 189 

eicosapentaenoic acid (EPA), and its derivative 2-EPG were also decreased in ob/ob mice with respect to the 190 

diabetic group, although the latter difference did not reach statistical significance (P = 0.072). Accordingly, 191 

the levels of 15- and 18-HEPE, which are both EPA bioactive metabolites, were also significantly reduced in 192 

the ob/ob compared to db/db group. The 2-DPG, which derives from another omega-3 fatty acid, DPA, 193 

presented also a trend towards lower levels in ob/ob mice compared to db/db mice, whilst the amounts of the 194 

derivative of the omega-3 fatty acid DHA, 2-DHG, displayed an opposite and strongly significant increase in 195 

ob/ob with respect to db/db mice. However, no significant differences were observed in the concentration of 196 
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DPA and DHA between the two groups (data not shown). The hepatic levels of two main NAEs, OEA and 197 

PEA, were also significantly higher in ob/ob than db/db mice as were those of the 2-monoacylglycerol 2-OG. 198 

We also examined the hepatic concentration of non-eCBome mediators such as the prostaglandins, and found 199 

a significant increase of PGD2 and PGE2 levels in ob/ob with respect to db/db mice.  200 

We then investigated if the changes found in the levels of the eCBome mediators were accompanied by 201 

modulation of the mRNA expression of their anabolic and catabolic enzymes or receptors (Figure 1B). 202 

Regarding receptors, there were statistically significant changes in the expression of Pparg, Ptgfr and Trpv2, 203 

which were augmented in the liver of ob/ob with respect to the db/db mice. Stronger differences in gene 204 

expression were observed at the level of eCBome-related metabolic enzymes. Specifically, there was a global 205 

significant increase, in ob/ob compared to db/db mice, of: 1) the transcript levels of NAE biosynthetic 206 

enzymes, i.e. Abhd4, Gdpd1, Inpp5d and Napepld, which could potentially explain the increase of hepatic 207 

PEA and OEA levels in the ob/ob group, and 2) the transcript levels of MAG catabolic enzymes Ces1d and 208 

Mgll, which might instead explain the lower levels of 2-LG and 2-EPG, but not 2-DHG, in these mice.  209 

Altogether, these results highlight a different anti-inflammatory hepatic eCBome profile between ob/ob and 210 

db/db mice, which may partially explain the earlier onset of liver inflammation and impaired liver function 211 

observed in ob/ob mice as found in Suriano et al., [25]. 212 

3.2 Different eCBome profiles in the adipose tissues of ob/ob and db/db mice 213 

Despite the lower inflammatory tone in the liver, db/db mice displayed elevated inflammation-related 214 

parameters in both subcutaneous and visceral adipose tissue (SAT and VAT) depots, with the SAT presenting 215 

the most pronounced inflammatory phenotype [25]. 216 

In this latter tissue (Figure 2A), we found no difference for the endocannabinoid 2-AG between the ob/ob and 217 

db/db mice (data not shown). However, the 2-acylglycerols 2-PG, 2-OG and 2-DHG, and the 2-LG 12-218 

lipoxygenase metabolite, 13-HODE-G were all decreased in db/db with respect to ob/ob mice, while 2-LG 219 

presented only a trend towards a decrease. Regarding NAEs, there were no differences, whereas significantly 220 

higher levels of the omega-3 fatty acids EPA and DPA were present in the db/db compared to the ob/ob group. 221 

In the VAT (Figure 3A), despite clear trends, no statistically significant differences were observed for almost 222 
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all the molecules studied, the only exceptions being AEA and N-docosahexaenoylethanolamine (DHEA), the 223 

levels of which were significantly decreased in the db/db group.  224 

Concerning the genes encoding eCBome-related receptors (Figure 2B and 3B), for SAT and VAT, 225 

respectively), Cnr2, Pparg and Trpv2 were the only ones showing differential gene expression between the 226 

ob/ob and db/db groups. In particular, while in SAT the transcript levels of these receptors were significantly 227 

modified, with Cnr2 and Trpv2 showing an increased expression in db/db respect to ob/ob mice and Pparg 228 

having an opposite significant trend, in VAT the changes were in the same direction as SAT but statistically 229 

significant only for Pparg and Trpv2.  230 

Regarding eCBome anabolic and catabolic enzymes, significant differences were found for the gene expression 231 

of 2-monoacylglycerol biosynthetic enzyme Plcb1, the lipoxygenase Alox12 and the NAE anabolic enzyme 232 

Gde1. Specifically, if in SAT only the mRNA expression of Plcb1 and Alox12 displayed a significant decrease 233 

in the db/db group, in the VAT there was a statistically significant reduction also for Gde1. The decreased 234 

transcript levels of Plcb1 in the SAT could explain the observed reduction of most 2-acylglycerols, although 235 

the decreased expression was stronger in the VAT, where we found no significant decrease in these mediators. 236 

Also, the decrease in the expression of SAT Alox12 and of VAT Gde1 in the db/db mice, might explain the 237 

reduction, in the db/db group, of SAT 13-HODE-G and of VAT NAEs levels, respectively. Other alterations 238 

remarked in both adipose tissue depots are shown in supplemental Table S4 and Table S5, for SAT and VAT, 239 

respectively. 240 

The aforementioned results highlight an anti-inflammatory mediator profile that was more markedly modified 241 

in the SAT than in the VAT when comparing ob/ob and db/db mice, thus possibly explaining in part the more 242 

pronounced inflammatory phenotype in this tissue. Conversely, receptor and enzyme expression were similarly 243 

modified in the two adipose depots. Globally, these results seem to fit with the increase of the inflammation-244 

related parameters in db/db with respect to ob/ob mice as observed in Suriano et al., [25]. 245 

3.3 Correlations between eCBome mediators and inflammation in the liver and the two adipose tissue 246 

depots 247 

Given the different eCBome profiles observed in the liver and the two adipose tissue depots between ob/ob 248 

and the db/db mice, we explored correlations between previously obtained metabolic parameters in these three 249 
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different biological sites and published in Suriano et al., [25], and eCBome mediator tissue concentrations or 250 

metabolic enzyme and receptor mRNA expression levels. Analysis of the Pearson’s rank correlation matrix 251 

confirmed the existence of potential links between certain eCBome-lipids and genes and several metabolic 252 

parameters. In details, starting from the liver, the matrix correlation showed that LA, 2-LG, and LEA were 253 

negatively correlated with liver weight, markers associated with a steatosis state (i.e., total lipid (TL) content, 254 

triglyceride (TG) and cholesterol (CHOL) content)), immune cell recruitment markers (i.e., Itgax, crown-like 255 

structures number (CLSn)), and a marker associated with a fibrosis state (Tgfb1), and a bile acid metabolism 256 

marker (i.e., Abcb4); EPA was positively correlated with a bile acid metabolism marker (Slc27a5); 15-HEPE 257 

was positively correlated with the LPS concentration; 2-DHG, and 2-OG were positively correlated with 258 

markers of steatosis (i.e., TL content), immune cell recruitment and inflammatory markers (i.e. Ccl2, Itgax, 259 

CLSn, Cd14, Tlr2), fibrosis markers (i.e., Col1a1, Tgfb1), and bile acid metabolism marker (i.e., Slc51b); PGE2 260 

was positively associated with immune cells recruitment markers (i.e., Ccl2, Cd68). In addition, most of the 261 

receptors and metabolic enzymes for the eCBome-mediators were positively correlated with the final body 262 

weight, final fat mass (FM), liver weight, steatosis (i.e., TL, TG and CHOL content), immune cell recruitment 263 

and inflammation markers (i.e., Ccl2, Itgax, Cd68, CLSn, Cd14, Tlr4, Tlr2, Tlr5, Nlrp3, Tnf, Il1b), fibrosis 264 

markers (i.e., Col1a1, Tgfb1), and bile acid metabolism markers (Abcb4, Slc51b); and negatively correlated 265 

with other bile acid metabolism markers (Cyp27a1, Slc10a1, Oatp1b2) (Figure 4).  266 

Contrary to what we observed in the liver, we found that, in the SAT, 2-PG, 2-OG, 2-LG, and Plcb1 were 267 

positively correlated with the inflammatory marker Tlr5; DPA was positively correlated with SAT weight, 268 

LPS concentration, and a marker of immune cell recruitment (i.e., Ccl2); similarly, Cnr2 was positively 269 

correlated with another marker of immune cell recruitment (i.e., Cd68) (Figure 5A). On the other hand, in the 270 

VAT, Cnr2 was positively correlated with final body weight, final FM, VAT weight, LPS concentration, 271 

immune cell recruitment and inflammatory markers (i.e., Ccl2, Adgre1, Itgax, Cd68, Tlr4, Tlr2, and Il1b); 272 

Pparg and Gde1 were both negatively correlated with final body weight, final FM, VAT weight, LPS 273 

concentration, immune cell recruitment, and inflammation markers (i.e., Adgre1, Itgax, Cd68, and Il1b) 274 

(Figure 5B). Taken together, these observations highlight how eCBome signaling may be involved in 275 

modulating, or being modulated by, various metabolic and inflammatory pathways in three different biological 276 

sites, whose functions are closely related to obesity and associated metabolic disorders. 277 
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3.4 Correlations between eCBome mediators and gut microbiota taxa with emphasis on taxa involved 278 

in inflammation 279 

Changes in the composition of the GM could partly underlie, or be caused by, alterations in eCBome signaling 280 

described above, thereby contributing both directly and indirectly to the different inflammatory tone described 281 

in the liver and the two adipose tissue depots. To this end, we investigated the existence of correlations between 282 

eCBome mediator tissue concentrations or metabolic enzyme and receptor mRNA expression levels and the 283 

relative abundance of bacterial taxa that were significantly, or tended to be, different between ob/ob and db/db 284 

mice. When exploring such correlations using Spearman’s rank correlation matrix, we observed that several 285 

bacterial taxa belonging to the Firmicutes phylum were either positively or negatively correlated with the 286 

eCBome signaling. In details, Clostridium_sensu_stricto_1, was negatively correlated with hepatic 287 

concentrations of 2-LG, 13-HODE-G, and EPA, and positively correlated with PEA and PGD2; Dubosiella, 288 

was positively correlated with PGD2; Lachnospiraceae_UCG_006, was positively correlated with 15-HEPE; 289 

Turicibacter, was negatively correlated with EPA and positively correlated with PEA, PGE2, and PGD2. On 290 

the other hand, Rikenellaceae_RC9_gut.group, belonging to the Bacteroidetes phylum was negatively 291 

correlated with PEA and PGD2; Bacteroides, belonging to the same phylum was negatively correlated with 292 

PGD2 (Figure 6). We also found that Clostridium_sensu_stricto_1 was positively correlated with the SAT 13-293 

HODE-G and Pparg, while Turicibacter was positively correlated with the SAT 2-DHG and 13-HODE-G 294 

(Figure 7A). The same bacterial taxa, as well as Dubosiella, were both positively correlated with the VAT 295 

level of Plcb1 (Figure 7B). These correlative data suggest the existence of a direct or indirect cross-talk 296 

between eCBome signaling in the liver, SAT or VAT and the GM. 297 

  298 
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4. Discussion 299 

In the present study, we aimed at exploring whether alterations, either at the transcription level or in term of 300 

tissue concentrations of molecules belonging to the eCBome, a complex signaling system whose dysregulation 301 

is associated with different pathological conditions (e.g., obesity, type 2 diabetes) [1, 13, 18, 31], could reflect 302 

the different inflammatory phenotypes that we previously observed in genetically obese (ob/ob) and diabetic 303 

(db/db) mice [25]. Although both mutant mice exhibit the same body weight and fat mass gain evolution over 304 

the course of the experiment, they develop distinctive inflammatory phenotypes, with the liver being more 305 

inflamed in ob/ob mice, and the adipose tissues being more inflamed in db/db mice. Seeking for a causal factor, 306 

the results we provide are unique since they represent a comprehensive investigation of how bioactive lipids 307 

as well as receptors and enzymes belonging to eCBome and related prostaglandin signaling may potentially 308 

sustain or counteract the tissue-dependent inflammatory state in mice having the same body weight but 309 

different glucose homeostasis. We identified the presence of a possible inflammation-related molecular profile, 310 

since some of the observed alterations were characteristic of all tissues showing the most pronounced 311 

inflammatory response, i.e.: 1) 2-LG and its 12-lipoxygenase metabolite 13-HODE-G [30] were present in 312 

reduced concentrations, and 2) Trpv2 showed increased expression, in both the liver of ob/ob mice and the 313 

adipose tissue depots of db/db mice. While still little is known about the receptors of 13-HODE-G, the levels 314 

of the established targets for 2-LG, i.e. GPR119 and TRPV1 (activated by all saturated and polyunsaturated 2-315 

MAGs [32]), were not modified in either liver and adipose tissues of obese and diabetic mice. Interestingly, 316 

GPR119 is also activated by: 1) 2-OG, whose levels were also reduced in the liver and SAT of db/db mice, 317 

and 2) LEA, a NAE whose levels were significantly decreased in the liver of ob/ob mice. Regarding the non-318 

selective cation channel Trpv2, its expression in immune cells suggests a role in the immune response and 319 

inflammation [33, 34], and, in hepatomas, a stimulatory function on oxidative stress [35]. To date, the only 320 

eCBome mediators that have been shown to act as TRPV2 ligands are the unsaturated long chain NAEs, such 321 

as LEA, which were found to antagonize this channel [36]. Therefore, we hypothesize that the more 322 

pronounced inflammatory tone in the liver and adipose tissues of ob/ob and db/db mice, respectively, might 323 

be due in part to higher expression of Trpv2 and, in the former case, to the lower levels of its endogenous 324 
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antagonist LEA. However, the contribution of TRPV2 to inflammation requires further investigations, and in 325 

vitro and in vivo experiments are needed to elucidate its role in the context of obesity.  326 

In addition to those mentioned above, other tissue-specific inflammation-related changes were observed. We 327 

found significantly decreased levels of the omega-3 fatty acid EPA and its derivatives in ob/ob mice, 328 

characterized by inflammation-related hepatic injuries. It is known that n-3 PUFAs exert metabolic benefits, 329 

which may also result from the  elevation of their corresponding NAEs and 2-MAGs [37], as well as other N-330 

acylamides [38], which possess anti-inflammatory and anti-cancer actions and potential cardiometabolic and 331 

neuroprotective effects independent of cannabinoid receptors [39-42]. In agreement with this hypothesis, and 332 

with the reduced availability of EPA, we also remarked a decrease of the eCBome EPA derivative, 2-EPG, as 333 

well as of the bioactive metabolites 15- and 18-HEPE, in the liver of ob/ob mice. In contrast, we found 334 

increased levels of the DHA-derived 2-DHG in ob/ob mice, possibly as a compensatory mechanism to 335 

counteract the stronger hepatic inflammation observed in this group. Likewise, the increased levels of the two 336 

omega-3 PUFAs, EPA and DPA, in the more inflamed SAT of db/db mice led us to speculate about a possible 337 

negative feedback mechanism; however, the statistically significant reduced levels of the 2-DHG in this tissue 338 

were in agreement with a more pronounced inflammatory status. Regarding the VAT, we only observed 339 

reduced levels of the DHA-derived NAE, DHEA, which is known to exert anti-inflammatory effects in several 340 

inflammation models [40] as well as in LPS-induced inflammation in adipocytes [43], and might, therefore 341 

partly explain the higher inflammatory tone in the VAT of db/db mice. Accordingly, the expression levels of 342 

the nuclear receptor Pparg, which has been suggested to partially mediate, together with CB2, DHEA anti-343 

inflammatory actions [43], were significantly decreased in the VAT of db/db mice.  344 

Previous in vitro and in vivo studies have also described altered NAE and 2-MAG levels, together with an 345 

excessive activation/expression of CB1, in the liver and adipose tissue both at the cellular and tissue levels 346 

during obesity and diabetes, thereby leading to altered lipid and glucose metabolism as well as inflammation 347 

[3, 15, 44]. Consistently, Cnr1 (encoding CB1)-KO mice are protected against diet-induced obesity [15]. 348 

However, in our study, no change in the expression of Cnr1 was observed, nor in the levels of the 349 

endocannabinoid 2-AG in all the tissues considered, or of AEA hepatic and SAT levels, thus suggesting that 350 

CB1 activation by AEA or 2-AG, is not the main contributor to the stronger hepatic and adipose tissues 351 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 
 

inflammation observed in ob/ob and db/db mice, respectively. In the VAT, in fact, the levels of AEA were 352 

significantly reduced in db/db compared to ob/ob mice, possibly in agreement with the decreased expression 353 

levels of the Pparg, which has been shown to be transcriptional activated by AEA in the micromolar 354 

concentration range [45, 46], to stimulate the differentiation of fibroblasts to adipocytes [45], and to exert anti-355 

inflammatory effects [47].  356 

Despite a more-pronounced liver inflammation, we observed increased hepatic levels of the two AEA 357 

congeners, OEA and PEA in ob/ob mice. Previous in vitro and in vivo studies have already described the anti-358 

inflammatory, analgesic and neuroprotective effects exerted by OEA and PEA through PPAR -dependent 359 

mechanisms [48-50]. Furthermore, administration of PEA induced significant improvement in a rat model of 360 

liver fibrosis, possibly by inhibiting the activation of hepatic stellate and Kupffer cells [51]. It is therefore 361 

possible that increased hepatic levels of OEA and PEA in ob/ob mice, together with higher hepatic expression 362 

of Pparg, are the result of compensatory mechanisms aimed at counteracting the hepatic inflammation and 363 

fibrosis observed in this model. A similar compensatory mechanism may have occurred in the SAT (and, in a 364 

non-statistically significant manner, in the VAT) of db/db mice through an increased expression of the eCB 365 

receptor, Cnr2, a well-characterized anti-inflammatory receptor, known to be upregulated in a plethora of 366 

inflammatory conditions [52, 53]. 367 

From a more mechanistic point of view, the observed increase in the hepatic levels of some NAEs may be due 368 

to the increased expression of Napepld, the main anabolic enzymes for NAEs, as well as of other anabolic 369 

enzymes (i.e., Abhd4, Gdpd1, Inpp5d, and Gde1), which may also partially contribute to NAE biosynthesis 370 

[54]. We recently discovered that Napepld is a key regulatory enzyme whose function may go beyond the 371 

synthesis of NAEs, since its hepatocyte-specific deletion in mice was associated also with a marked 372 

modification of various bioactive lipids involved in host homeostasis, such as the bile acids (BAs) [55]. On 373 

the other hand, Margheritis et al., [56] demonstrated that BAs (i.e., deoxycholic acid) in turn modulate NAPE-374 

PLD activity. We can therefore not exclude that the increased expression of Napepld may also be due to cholic 375 

acid, a primary bile acid, whose hepatic concentration is increased in ob/ob mice [25]. To date, however, there 376 

are no studies describing the modulation of NAPE-PLD by cholic acid and further investigations are needed 377 

in this direction. That being said, increased hepatic Napepld expression may explain the higher OEA and PEA 378 

levels, but not the lower LEA concentrations, in the liver, thus indicating that NAE biosynthesis is regulated 379 
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by different enzymes as well as by precursor availability (which, in the case of LEA, was indeed reduced in 380 

ob/ob mice). Likewise, the higher hepatic expression levels of 2-MAG-hydrolysing enzymes, i.e. 381 

carboxylesterase 1D (Ces1d) and, particularly, Mgll, might explain the lower levels of 2-LG, but not the 382 

increase of 2-OG, in ob/ob mice. Instead, in the SAT, the generalized decrease in 2-MAGs (but not 2-AG) 383 

observed in db/db mice may have resulted from the decreased expression of Plcb1, encoding the enzyme 384 

catalyzing the rate-limiting reaction in 2-MAG biosynthesis. However, Plcb1 was also down-regulated in the 385 

VAT, where 2-MAG levels were not different between ob/ob and db/db mice. Finally, reduced expression of 386 

the NAE-biosynthetic enzyme, Gde1, was observed only in the VAT and so were the reduced concentrations 387 

of AEA and DHEA, but not of other NAEs, whereas the observed decrease in the expression of Alox12 may 388 

explain the reduction in the levels of 13-HODE-G in the SAT, but not the lack of changes in this metabolite 389 

found in the VAT.  390 

An additional potential mechanism underlying metabolic disorder-associated inflammation may be represented 391 

by the increase of two pro-inflammatory eicosanoids, the prostaglandins PGE2 and PGD2 as well as of the 392 

expression of the prostaglandin F2α receptor Ptgfr observed in the liver of ob/ob mice compared to db/db mice 393 

[57]. 394 

Looking for specific links between eCBome-signaling and the metabolic parameters measured in the three 395 

different biological sites, we carried out correlation analyses and observed that eCBome mediator or metabolic 396 

enzyme/receptor gene expression levels were either positively or negatively correlated with several metabolic 397 

parameters linked to steatosis, recruitment of immune cells, and inflammation. This suggests that this complex 398 

endogenous signaling system may affect the metabolic function of the respective tissues. In particular, we 399 

noticed that hepatic 15-HEPE, suggested to act as an anti-inflammatory bio-active lipid [58, 59], was positively 400 

correlated with LPS levels, which may reflect a negative feedback response of the db/db mice aimed at 401 

counteracting steatosis, inflammation, and fibrosis. Increased circulating levels of LPS, a condition known as 402 

metabolic endotoxemia, were previously associated with obesity, insulin resistance, hepatic lipid 403 

accumulation, liver and adipose tissue inflammation [60-62]. The levels of the TRPV2 antagonist, LEA, and 404 

of 2-LG, were negatively correlated with hepatic TG content, which in turn is directly related to hepatic 405 

inflammation, thus supporting the aforementioned potent protective role of these two eCBome mediators 406 
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against liver inflammation in ob/ob mice. Additionally, on the one hand, PGE2 levels, Ptgfr, Mgll, and Trpv2 407 

gene expression, and, on the other hand,  Pparg, Napepld, and Gde1 gene expression, which, as discussed 408 

above,  have been associated with inflammation and immune cell recruitment or protection against it, 409 

respectively, were positively correlated with immune and inflammatory markers, liver weight or TG content, 410 

thus strengthening their possible role in causing, or attempting to adapt to, the higher lipid accumulation and 411 

inflammatory tone in the liver of ob/ob mice. In the two adipose tissues, fewer correlations were observed 412 

between eCBome signaling and metabolic parameters, which could suggest that other factors, in addition to 413 

the altered eCBome, may be implicated in the modulation of the inflammatory tone observed in the SAT and 414 

VAT, particularly in db/db mice. Nevertheless, we did observe the expected positive correlation between Cnr2 415 

and the macrophage marker Cd68 in the SAT as well as with other inflammatory markers in the VAT, and 416 

negative correlations between Pparg and Gde1 and LPS and other inflammatory markers in this adipose tissue 417 

depot, thus substantiating some of the speculations made above regarding the role of these eCBome members 418 

in adipose tissue inflammation in db/db mice. Pparg was also negatively correlated with VAT weight, but this 419 

may reflect the positive correlation between the latter and LPS, which inhibits adipocyte differentiation, with 420 

subsequent adipocyte death, recruitment of immune cells and inflammation, which are all typical features of 421 

db/db mice [44, 63].  422 

Among the factors contributing to both hepatic and adipose tissue inflammation in obesity, we have previously 423 

shown that the gut microbiota may act as a key modulator, notably through the LPS-eCB system regulatory 424 

loops, of the adipose tissue metabolism/function and general lipid homeostasis regulation in the liver [44]. The 425 

gut microbiota has indeed been proposed to regulate levels of endocannabinoids in the adipose tissue and the 426 

gut, and changes in its composition are sufficient to reduce peripheral eCB system tone in genetically induced 427 

and diet-induced models of obesity [5]. To provide indirect evidence that the gut microbiota plays a role in 428 

determining eCBome participation in the inflammatory phenotype of ob/ob mouse livers or db/db mouse 429 

adipose tissue, we analyzed the correlation between the eCBome members and the absolute abundance of 430 

certain fecal bacterial taxa that were different between the two mutant mice models [25]. Interestingly, some 431 

bacterial taxa were either positively or negatively correlated with certain eCBome-related molecules and 432 

receptors. Among them, Clostridium_sensu_stricto_1 deserves particular attention since its absolute quantity 433 

was significantly higher in ob/ob mice than in db/db mice and was positively correlated with either pro-434 
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inflammatory (i.e., PGD2) or anti-inflammatory (i.e., PEA) hepatic bioactive lipids, and negatively correlated 435 

with other anti-inflammatory bioactive lipids (i.e., 2-LG, 13-HODE-G, and EPA). As a matter of fact, recent 436 

findings in humans and mice showed that this bacterial taxon was positively correlated with indicators of body 437 

weight and serum lipids [64], and with all non-alcoholic fatty-liver disease parameters [65]. In our present 438 

study, the same bacterial taxon was positively correlated with the levels of the putative anti-inflammatory lipid 439 

13-HODE-G, and Pparg expression, measured in the SAT, suggesting a negative feedback response aiming at 440 

counteracting inflammation, whereas in the VAT Clostridium_sensu_stricto_1 was positively correlated with 441 

Plcb1 expression.  442 

Taken together, the results from our correlational analyses reinforce the hypothesis that the different profiles 443 

of eCBome signaling observed in the liver and adipose tissue depots of ob/ob and db/db mice may contribute 444 

to the respective inflammatory phenotypes in these tissues. However, more studies are needed to elucidate 445 

whether the identified eCBome-related molecules and their respective receptors and enzymes have a causal 446 

role in inflammation in these two genetically obese mice models. Indeed, the major limitation of this study 447 

consists in the lack of new in vitro experiments to elucidate the mechanisms of action of the eCBome members 448 

found to undergo differential changes in this study, and the reliance on previously published data on this aspect. 449 

Consequently, our correlation analyses do not imply causation and will require further studies. 450 

In conclusion, the present study shows potential divergences in eCBome signaling between ob/ob and db/db 451 

mice that could be related to the etiology or consequences of the different inflammatory tone observed in the 452 

liver and the adipose tissue depot of these two mutant strains. The identification of such bioactive lipids and 453 

their related receptors and anabolic/catabolic enzymes may represent the basis of novel therapeutic approaches 454 

to tackle inflammation, which is a well-known common feature associated with obesity and diabetes. Besides, 455 

this work identified host-microbiome-eCBome interactions whose relevance in the context of obesity-related 456 

inflammation needs to be further assessed by means of mechanistic studies.  457 
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Figure legends 667 

Figure 1: Different hepatic eCBome tone in ob/ob and db/db mice. (a) Concentrations of the eCBome-related 668 

mediators in the liver tissue (fmol/mg wet tissue weight) measured by HPLC-MS/MS. (b) mRNA expression 669 

of receptors and metabolic enzymes for 2-monoacylglycerols and N-acylethanolamines measured by qPCR-670 

based TaqMan Open Array. Green: CT ob lean mice, red: ob/ob mice, blue CT db lean mice, and 671 

violet: db/db mice. Data are presented as the mean ± S.E.M of n=9-10. * P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005, 672 

****P ≤ 0.001. For mRNA expression, relative units were calculated versus the mean of the CT ob mice values 673 

set at 1. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. Abbreviations: see 674 

supplemental Table S1 and Table S2. 675 

Figure 2: Different eCBome tone in the subcutaneous adipose tissue of ob/ob and db/db mice. (a) 676 

Concentrations of the eCBome-related mediators in the subcutaneous adipose tissue (fmol/mg wet tissue 677 

weight) measured by HPLC-MS/MS. (b) mRNA expression of receptors and metabolic enzymes for 2-678 

monoacylglycerols and N-acylethanolamines measured by qPCR-based TaqMan Open Array. Green: CT ob 679 

lean mice, red: ob/ob mice, blue CT db lean mice, and violet: db/db mice. Data are presented as the mean ± 680 

S.E.M of n=9-10. * P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.001. For mRNA expression, relative units were calculated 681 

versus the mean of the CT ob mice values set at 1. Data were analyzed by one-way ANOVA followed by 682 

Tukey’s post hoc test. Abbreviations: see supplemental Table S1 and Table S2. 683 

Figure 3: Different eCBome tone in the visceral adipose tissue of ob/ob and db/db mice. (a) Concentration of 684 

the eCBome-related mediators in the visceral adipose tissue (fmol/mg wet tissue weight) measured by HPLC-685 

MS/MS. (b) mRNA expression of receptors and metabolic enzymes for 2-monoacylglycerols and N-686 

acylethanolamines measured by qPCR-based TaqMan Open Array. Green: CT ob lean mice, red: ob/ob mice, 687 

blue CT db lean mice, and violet: db/db mice. Data are presented as the mean ± S.E.M of n=9-10. **P ≤ 0.01, 688 

***P ≤ 0.005, ****P ≤ 0.001. For mRNA expression, relative units were calculated versus the mean of the CT 689 

ob mice values set at 1. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. 690 

Abbreviations: see supplemental Table S1 and Table S2. 691 
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Figure 4: Correlation plot between altered metabolic parameters and eCBome-related mediators and mRNAs 692 

measured in the liver. Correlation matrix showing Pearson correlations with Bonferroni’s adjustment in the 693 

liver. Positive correlations are shown in blue and negative correlations in red. Color intensity and size of the 694 

circles are proportional to the correlation coefficients. "X" refers to the first data set, the metabolic parameters 695 

measured in the liver while "Y" refers to the second data set, eCBome-related mediators and mRNAs measured 696 

in the liver. 697 

Figure 5: Correlation plot between altered metabolic parameters and the eCBome-related mediators and 698 

mRNAs measured in the two adipose tissue depots. (a) Correlation matrix showing Pearson correlations with 699 

Bonferroni’s adjustment in the subcutaneous adipose tissue; (b) Correlation matrix showing Pearson 700 

correlations with Bonferroni’s adjustment in the visceral adipose tissue. Positive correlations are displayed in 701 

blue and negative correlations in red. Color intensity and size of the circles are proportional to the correlation 702 

coefficients. "X" refers to the first data set, the metabolic parameters measured in the two respective adipose 703 

tissue depots while "Y" refers to the second data set, the eCBome-related mediators and mRNAs measured in 704 

the two respective adipose tissue depots. 705 

Figure 6: Correlation plot between altered bacterial taxa and eCBome-related mediators and mRNAs 706 

measured in the liver tissue. Correlation matrix (Pearson with Bonferroni’s adjustment); positive correlations 707 

are displayed in blue and negative correlations in red. Color intensity and size of the circles are proportional 708 

to the correlation coefficients. "X" refers to the first data set, the altered bacterial taxa while "Y" refers to the 709 

second data set, the eCBome-related mediators and mRNAs measured in the liver.  710 

Figure 7: Correlation plot between altered bacterial taxa and the eCBome-related mediators and mRNAs 711 

measured in the two adipose tissue depots. (a) Subcutaneous adipose tissue; (b) Visceral adipose tissue. 712 

Correlation matrix (Pearson with Bonferroni’s adjustment); positive correlations are displayed in blue and 713 

negative correlations in red. Color intensity and size of the circles are proportional to the correlation 714 

coefficients. "X" refers to the first data set, the altered bacterial taxa while "Y" refers to the second data set, 715 

the eCBome-related mediators and mRNAs measured in the two respective adipose tissue depots. 716 
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Legends to the supplemental information files 718 

Supplemental Table S1: Abbreviations of endocannabinoids and endocannabinoid-like molecules measured 719 

in three different tissues (i.e., liver, subcutaneous and visceral adipose tissues). 720 

Supplemental Table S2: List of the genes analyzed by qPCR based TaqMan Open Array in three different 721 

tissues (i.e., liver, subcutaneous and visceral adipose tissues), and their metabolic function. 722 

Supplemental Table S3: mRNA relative expression levels of receptors and metabolic enzymes for 2-723 

monoacylglycerols and N-acylethanolamines measured by qPCR-based TaqMan Open Array in the liver tissue 724 

of ob/ob and db/db mice, and their respective littermates. Data are presented as the mean ± S.E.M of n=9-10. 725 

* P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005, ****P ≤ 0.001. Values are expressed as relative units calculated versus 726 

the mean of the CT ob mice values set at 1, and analyzed by one-way ANOVA. Abbreviations: see 727 

supplemental Table S1 and Table S2. 728 

Supplemental Table S4: mRNA relative expression levels of receptors and metabolic enzymes for 2-729 

monoacylglycerols and N-acylethanolamines measured by qPCR-based TaqMan Open Array in the 730 

subcutaneous adipose tissue of ob/ob and db/db mice, and their respective littermates. Data are presented as 731 

the mean ± S.E.M of n=9-10. Values are expressed as relative units calculated versus the mean of the CT ob 732 

mice values set at 1, and analyzed by one-way ANOVA. Abbreviations: see supplemental Table S1 and Table 733 

S2. 734 

Supplemental Table S5: mRNA relative expression levels of receptors and metabolic enzymes for 2-735 

monoacylglycerols and N-acylethanolamines measured by qPCR-based TaqMan Open Array in the visceral 736 

adipose tissue of ob/ob and db/db mice, and their respective littermates. Data are presented as the mean ± 737 

S.E.M of n=9-10. * P ≤ 0.05, ***P ≤0.005. Values are expressed as relative units calculated versus the mean 738 

of the CT ob mice values set at 1, and analyzed by one-way ANOVA. Abbreviations: see supplemental Table 739 

S1 and Table S2. 740 

Supplemental Table S6: List of the deuterated internal standards used for LC/MS-MS analyses 741 
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SUPPLEMENTAL INFORMATIONS 

Supplemental. Table S1: Endocannabinoid and related lipid 

mediator abbreviations 

 

Symbol Endocannabinoids name 

2-AG 1(3)- and 2-arachidonoyl-glycerol 

AEA N-arachidonoyl-ethanolamine 

DHEA N-docosahexanoyl-ethanolamine 

2-DHG 1(3)- and 2-docosahexaenoyl-glycerol 

DPA docosapentaenoic acid (n-3) 

2-DPG 1(3)- and 2-docospentaenoyl-glycerol (n-3) 

EPEA N-eicosapentanoyl-ethanolamine 

EPA eicosapentaenoic acid 

2-EPG 2-eicosapentaenoyl-glycerol 

15-HEPE 15-hydroxyeicosapentaenoic acid 

18-HEPE 18-hydroxyeicosapentaenoic acid 

13-HODE-G 13-Hydroxyoctadecadienoyl-glycerol 

LA Linoleic acid 

LEA N-linoleoyl-ethanolamine 

2-LG 1(3)- and 2-linoleoyl-glycerol 

SEA N-stearoyl-ethanolamine 

OEA N-oleoyl-ethanolamine 

2-OG 1(3)- and 2-oleoyl-glycerol 

PEA N-palmitoyl-ethanolamine 

2-PG 2-palmitoyl-glycerol 

PGD2 Prostaglandin D2 

PGE2 Prostaglandin E2 
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Supplemental. Table S2: List of the genes analyzed by qPCR based TaqMan Open Array and their function 

 

Gene symbol Gene name Function 

Cacna1b calcium channel, voltage-dependent, T type, alpha 

1B subunit 

receptor 

Cacna1h calcium channel, voltage-dependent, T type, alpha 

1H subunit 

receptor 

Cnr1 cannabinoid receptor 1 receptor 

Cnr2 cannabinoid receptor 2 receptor 

Gpr119 G protein-coupled receptor 119 receptor 

Gpr18 G protein-coupled receptor 18 receptor 

Gpr55 G protein-coupled receptor 55 receptor 

Ppara peroxisome proliferator activated receptor alpha receptor 

Pparg peroxisome proliferator activated receptor gamma receptor 

Ptgfr prostaglandin F receptor receptor 

Trpv1 transient receptor potential cation channel, 

subfamily V, member 1 

ligand-activated channel 

Trpv2 transient receptor potential cation channel, 

subfamily V, member 2 

ligand-activated channel 

   

Trpv4 transient receptor potential cation channel, 

subfamily V, member 4 

ligand-activated channel 

Abhd4 abhydrolase domain containing 4 anabolic enzyme for NAEs 

Akr1b3 aldo-keto reductase family 1, member B3 (aldose 

reductase) 

anabolic enzyme for prostamides, 

catabolic enzyme for AEA and 2-AG 

Fam213b family with sequence similarity 213, member B anabolic enzyme for prostamides, 

catabolic enzyme for AEA and 2-AG 

Gde1 glycerophosphodiester phosphodiesterase 1 anabolic enzyme for NAEs 

Gdpd1 glycerophosphodiester phosphodiesterase domain 

containing 1 

anabolic enzyme for NAEs 

Hrasls5 HRAS-like suppressor family, member 5 anabolic enzyme for NAEs  

Inpp5d inositol polyphosphate-5-phosphatase D anabolic enzyme for NAEs 

Napepld N-acyl phosphatidylethanolamine-specific 

phospholipase D-like enzyme 

anabolic enzyme for NAEs 

Pla2g5 phospholipase A2, group V AA-releasing enzyme possibly 

involved in phospholipid remodeling 

and hence biosynthesis of eCB 

precursors 

Ptgs2 prostaglandin-endoperoxide synthase 2 anabolic enzyme for prostamides, 

catabolic enzyme for AEA and 2-AG 

Ptpn22 protein tyrosine phosphatase, non-receptor type 22 

(lymphoid) 

anabolic enzyme for AEA 

Ptges prostaglandin E synthase anabolic enzyme for prostamides, 

catabolic enzyme for AEA and 2-AG 

Comt catechol-O-methyltransferase catabolic enzyme for N-acyl-

dopamines 

Faah fatty acid amide hydrolase catabolic enzyme for NAEs, primary 

fatty acid amides, N-acyl-taurines and 

N-acyl-glycines 

Naaa N-acylethanolamine acid amidase catabolic enzyme for saturated NAEs 

Pam peptidylglycine alpha-amidating monooxygenase anabolic enzyme for primary fatty acid 

amides, catabolic enzyme for N-acyl-

glycines 

Dagla diacylglycerol lipase, alpha anabolic enzyme for 2-acylglycerols 
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Daglb diacylglycerol lipase, beta anabolic enzyme for 2-acylglycerols 

Dgke diacylglycerol kinase, epsilon anabolic/catabolic enzyme for 2-

acylglycerols 

Enpp2 ectonucleotide 

pyrophosphatase/phosphodiesterase 2 

autotaxin- a LysoPLD: produces LPA.  

Pla1a phospholipase A1 member A anabolic enzyme for 2-acylglycerols 

Plcb1 phospholipase C, beta 1 anabolic enzyme for 2-acylglycerols 

Abhd12 abhydrolase domain containing 12 catabolic enzyme for 

monocylglycerols 

Abhd16a abhydrolase domain containing 16 catabolic enzyme for 

monocylglycerols 

Abhd6 abhydrolase domain containing 6 catabolic enzyme for 

monocylglycerols 

Agk acylglycerol kinase catabolic enzyme for 

monocylglycerols 

Alox12 arachidonate 12-lipoxygenase catabolic enzyme for AEA and 2-AG 

Alox15 arachidonate 15-lipoxygenase catabolic enzyme for AEA and 2-AG 

Ces1d carboxylesterase 1D catabolic enzyme for 

monoacylglycerols 

Ces2h carboxylesterase 2H catabolic enzyme for 

monoacylglycerols 

Mgll (Magl) monoglyceride lipase catabolic enzyme for 

monoacylglycerols 

Mogat1 monoacylglycerol O-acyltransferase 1 catabolic enzyme for 

monoacylglycerols 

Ppt1 palmitoyl-protein thioesterase 1 catabolic enzyme for 2-AG 

Gapdh glyceraldehyde-3-phosphate dehydrogenase reference gene 

Hprt hypoxanthine guanine phosphoribosyl transferase reference gene 

Rps13 ribosomal protein S13 reference gene 

Tbp TATA box binding protein reference gene 
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Supplemental. Table S3: List of the genes whose mRNA expression was detected in the 

liver by qPCR-based TaqMan Open Array 

 

Gene symbol 
ob/ob CT db db/db 

Cnr1 0.97 ± 0.14 0.87 ± 0.16 1.05 ± 0.20 

Gpr119 1.92 ± 0.41 1.55 ± 0.42 1.27 ± 0.15 

Gpr18 0.99 ± 0.11 0.57 ± 0.04 0.90 ± 0.20 

Gpr55 0.94 ± 0.19 0.77 ± 0.18 0.89 ± 0.14 

Ppara 1.03 ± 0.08 0.90 ± 0.05 1.12 ± 0.08 

Trpv4 1.78 ± 0.28 1.63 ± 0.19 2.46 ± 0.27 

Akr1b3 1.08 ± 0.10 1.23 ± 0.07 0.89 ± 0.10 

Fam213b 1.72 ± 0.13 0.97 ± 0.08 1.71 ± 0.19 

Gde1 1.55 ± 0.12 0.91 ± 0.09 1.72 ± 0.12 

Ptpn22 1.53 *** ± 0.11 0.76 ± 0.06 0.81 ± 0.14 

Ptges 2.82 ± 0.35 1.69 ± 0.30 2.08 ± 0.37 

Comt 1.03 ± 0.03 1.03 ± 0.05 0.85 ± 0.04 

Faah 0.81 ± 0.06 0.79 ± 0.05 0.92 ± 0.09 

Naaa 1.42 ± 0.09 1.04 ± 0.08 1.14 ± 0.05 

Pam 2.00 * ± 0.19 0.85 ± 0.08 1.36 ± 0.13 

Daglb 0.93 ± 0.07 1.14 ± 0.06 1.02 ± 0.06 

Dgke 1.87 **** ± 0.10 1.38 ± 0.17 0.83 ± 0.16 

Enpp2 0.95 ± 0.04 1.47 ± 0.16 0.66 ± 0.11 

Pla1a 0.60 * ± 0.03 1.15 ± 0.08 0.86 ± 0.06 

Plcb1 0.94 ± 0.04 0.80 ± 0.05 0.85 ± 0.04 

Abhd12 1.17 ± 0.07 1.09 ± 0.10 1.21 ± 0.04 

Abhd16a 1.59 ± 0.08 1.05 ± 0.14 1.27 ± 0.04 

Abhd6 2.44 ± 0.18 1.00 ± 0.08 2.15 ± 0.28 

Agk 1.49 ± 0.04 1.20 ± 0.08 1.40 ± 0.07 

Alox12 1.40 ** ± 0.17 0.45 ± 0.08 0.70 ± 0.12 

Alox15 2.89 ± 1.30 2.38 ± 0.45 9.30 ± 2.95 

Ces2h 1.04 *** ± 0.08 2.90 ± 0.32 2.53 ± 0.32 

Mogat1 57.20 ± 5.21 0.39 ± 0.03 44.60 ± 6.91 

Ppt1 1.89 ** ± 0.07 1.47 ± 0.07 2.23 ± 0.03 

 

  



5 
 

Supplemental. Table S4: List of the genes whose mRNA expression was detected in the 

subcutaneous adipose tissue by qPCR-based TaqMan Open Array 

 

Gene symbol 
ob/ob CT db db/db 

Cnr1 0.70 ± 0.10 0.84 ± 0.14 1.14 ± 0.25 

Gpr119 3.03 ± 0.53 1.96 ± 0.24 4.51 ± 1.07 

Gpr18 0.89 ± 0.20 0.69 ± 0.16 0.43 ± 0.08 

Gpr55 1.73 ± 0.34 0.89 ± 0.18 1.62 ± 0.43 

Ppara 0.37 ± 0.13 1.03 ± 0.30 0.42 ± 0.17 

Ptgfr 1.06 ± 0.19 0.60 ± 0.06 0.89 ± 0.28 

Trpv1 0.74 ± 0.12 0.86 ± 0.20 0.53 ± 0.11 

Abhd4 1.03 ± 0.12 0.97 ± 0.10 1.07 ± 0.26 

Akr1b3 1.14 ± 0.26 1.16 ± 0.23 0.95 ± 0.21 

Fam213b 1.43 ± 0.41 0.72 ± 0.16 0.87 ± 0.29 

Gdpd1 1.38 ± 0.25 0.63 ± 0.14 2.25 ± 0.43 

Hrasls5 0.30 ± 0.07 0.48 ± 0.12 0.43 ± 0.14 

Inpp5d 1.24 ± 0.40 1.05 ± 0.23 2.92 ± 1.11 

Napepld 1.23 ± 0.51 0.87 ± 0.22 1.39 ± 0.57 

Pla2g5 1.64 ± 0.37 0.93 ± 0.27 1.54 ± 0.40 

Ptpn22 1.82 ± 0.16 1.00 ± 0.08 2.00 ± 0.26 

Ptges 0.54 ± 0.26 1.26 ± 0.45 0.51 ± 0.20 

Comt 1.57 ± 0.43 1.64 ± 0.43 1.13 ± 0.34 

Naaa 1.09 ± 0.27 1.00 ± 0.20 0.89 ± 0.18 

Pam 7.66 ± 1.76 1.13 ± 0.22 5.63 ± 1.63 

Daglb 1.64 ± 0.41 1.22 ± 0.26 3.49 ± 1.16 

Dgke 0.70 ± 0.09 0.64 ± 0.12 0.63 ± 0.11 

Enpp2 1.79 ± 0.46 0.88 ± 0.13 2.33 ± 0.57 

Pla1a 0.94 ± 0.25 0.84 ± 0.21 0.58 ± 0.16 

Abhd12 1.63 ± 0.46 0.92 ± 0.20 2.12 ± 0.40 

Abhd16a 0.94 ± 0.43 1.06 ± 0.37 1.21 ± 0.57 

Abhd6 0.97 ± 0.23 0.87 ± 0.21 0.97 ± 0.24 

Agk 1.16 ± 0.05 1.06 ± 0.10 1.08 ± 0.08 

Ces1d 0.33 ± 0.06 0.82 ± 0.12 0.28 ± 0.07 

Mgll (Magl) 0.96 ± 0.37 1.00 ± 0.25 1.73 ± 0.61 

Mogat1 0.22 ± 0.02 0.67 ± 0.08 0.08 ± 0.02 

Ppt1 1.21 ± 0.10 1.19 ± 0.05 1.49 ± 0.15 
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Supplemental. Table S5: List of the genes whose mRNA expression was detected in the 

visceral adipose tissue by qPCR-based TaqMan Open Array 

 

Gene symbol 
ob/ob CT db db/db 

Cacna1b 0.65 ± 0.08 0.66 ± 0.09 0.41 ± 0.06 

Cacna1h 0.38 ± 0.09 0.58 ± 0.10 0.13 ± 0.02 

Cnr1 0.74 ± 0.09 0.88 ± 0.10 0.77 ± 0.09 

Gpr119 1.97 ± 0.54 0.88 ± 0.14 1.45 ± 0.46 

Gpr18 1.18 ± 0.18 0.88 ± 0.12 1.11 ± 0.26 

Gpr55 2.87 ± 0.81 1.18 ± 0.14 1.88 ± 0.46 

Ppara 0.47 ± 0.04 1.95 ± 0.17 0.57 ± 0.07 

Ptgfr 0.65 ± 0.08 0.47 ± 0.05 0.26 ± 0.03 

Trpv1 0.79 ± 0.13 0.76 ± 0.12 0.52 ± 0.06 

Trpv4 0.94 ± 0.14 1.14 ± 0.10 1.32 ± 0.21 

Abhd4 0.74 ± 0.08 0.92 ± 0.05 0.67 ± 0.03 

Akr1b3 1.00 * ± 0.04 1.21 ± 0.03 0.80 ± 0.04 

Fam213b 1.31 *** ± 0.04 0.73 ± 0.04 0.80 ± 0.11 

Gdpd1 1.35 ± 0.27 0.80 ± 0.10 1.20 ± 0.10 

Hrasls5 1.00 ± 0.08 1.11 ± 0.06 1.12 ± 0.06 

Inpp5d 1.60 ± 0.22 0.96 ± 0.10 2.06 ± 0.29 

Napepld 0.72 ± 0.08 1.20 ± 0.08 0.76 ± 0.11 

Pla2g5 0.61 ± 0.11 0.88 ± 0.13 0.81 ± 0.15 

Ptgs2 0.68 ± 0.17 0.83 ± 0.15 0.37 ± 0.04 

Ptpn22 2.00 ± 0.23 0.87 ± 0.11 1.87 ± 0.25 

Ptges 0.75 ± 0.06 1.26 ± 0.09 0.50 ± 0.08 

Comt 0.77 ± 0.06 1.45 ± 0.10 0.58 ± 0.10 

Faah 0.52 ± 0.05 0.58 ± 0.09 0.43 ± 0.07 

Naaa 0.63 ± 0.07 0.82 ± 0.04 0.69 ± 0.07 

Pam 1.82 ± 0.19 0.82 ± 0.07 1.34 ± 0.14 

Dagla 1.21 ± 0.29 1.11 ± 0.23 0.87 ± 0.14 

Daglb 1.20 ± 0.13 0.97 ± 0.05 1.38 ± 0.18 

Dgke 0.79 ± 0.07 0.88 ± 0.08 0.52 ± 0.08 

Enpp2 0.76 ± 0.10 1.02 ± 0.07 0.96 ± 0.10 

Pla1a 0.95 ± 0.12 0.91 ± 0.05 0.82 ± 0.10 

Abhd12 1.33 ± 0.09 1.11 ± 0.07 1.33 ± 0.11 

Abhd16a 0.81 ± 0.09 0.94 ± 0.12 0.85 ± 0.11 

Abhd6 0.79 ± 0.10 1.01 ± 0.03 0.57 ± 0.07 

Agk 0.98 ± 0.04 0.97 ± 0.06 0.84 ± 0.04 

Alox15 1.08 * ± 0.19 3.06 ± 0.28 3.33 ± 0.98 

Ces1d 0.28 ± 0.02 0.91 ± 0.05 0.32 ± 0.06 

Mgll (Magl) 0.80 ± 0.05 1.23 ± 0.06 0.95 ± 0.08 

Mogat1 0.30 ± 0.02 0.99 ± 0.05 0.17 ± 0.03 

Ppt1 0.91 ± 0.09 1.50 ± 0.08 1.15 ± 0.07 
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Supplemental. Table S6: List of the deuterated internal standards used for LC/MS-MS analyses 

Lipid mediators symbol Lipid mediators name 

2-AG 1-AG-d5 

AA AA-d8 

AEA AEA-d4 

N-Arachidonoyl-Glycine N-Arachidonoyl Glycine-d8 

N-Arachidonoyl-Serotonin N-Oleoyl-serotonin-d17 

DHA DHA-d5 

DHEA DHEA-d4 

DPA DPA-d5 

2-DPG (n-3) 1-DPG-d5 

EPA EPA-d5 

2-EPG 1-EPG-d5 

EPEA EPEA-d4 

LEA LEA-d4 

2-LG 1-LG-d5 

N-Oleoyl-Serine N-Oleoyl-Serine-d2 

2-OG 1-AG-d5 

N-Oleoyl-Serotonin N-Oleoyl-serotonin-d17 

OEA OEA-d4 

PEA PEA-d4 

2-PG 1-AG-d5 

PGE2 PGE2-d4  

PGE2-EA PGE2-EA-d4 

PGE2-G PGE2-G-d5 

PGF2α-EA PGF2α-EA-d4 

Stearoyl-EA Stearoyl-EA-d3 

 


