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Abstract

The cannabinoid 1 receptor (CB1) is an important regulator of energy metabolism. Reports of in 

vivo and in vitro studies give conflicting results regarding its role in insulin secretion, possibly due 

to circulatory factors, such as incretins. We hypothesized that this receptor may be a regulator of 

the entero-insular axis. We found that despite lower food consumption and lower body weight 

postprandial GLP-1 plasma concentrations were increased in CB1−/− mice compared to CB1+/+ 

mice administered a standard diet or high fat/sugar diet. Upon exogenous GLP-1 treatment, 

CB1−/− mice had increased glucose-stimulated insulin secretion. In mouse insulinoma cells, 

cannabinoids reduced GLP-1R-mediated intracellular cAMP accumulation and subsequent insulin 

secretion. Importantly, such effects were also evident in human islets, and were prevented by 

pharmacologic blockade of CB1. Collectively, these findings suggest a novel mechanism in which 

endocannabinoids are negative modulators of incretin-mediated insulin secretion.

Graphical Abstract

Schematic representation depicting theoretical postprandial regulation of the entero-insular 
axis by CB1. After consuming a meal, GLP-1 is secreted into the circulation from L-cells. Upon 

binding to their specific receptors on pancreatic β cells, they activate adenylyl cyclase (AC), which 

results in increased cAMP production and PKA activation. Additionally, elevated circulating 

glucose concentrations lead to increased ATP production and inhibition of the ATP/K+ channels, 

which initiates calcium (Ca2+) entry through voltage-dependent Ca2+ channels. The resultant rise 
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of intracellular Ca2+, in conjunction with incretin-mediated PKA activation, leads to secretion of 

insulin and synthesis (by NAPE-PLD and DAGL) of ECs (2-AG/AEA) (Kim et al., 2011). 

Subsequently, AEA/2-AG activate CB1, thereby blocking the action of incretin-mediated AC 

activation, which in turn negatively impacts glucose-mediated insulin secretion. (Glut2= glucose 

transporter 2; PKA= protein kinase A; NAPE-PLD= N-Acyl phosphatidylethanolamine-specific 

phospholipase D; DAGL= Diacylglycerol lipase; 2-AG= 2-arachidonoylglycerol; AEA= 

anandamide. GLP-1= glucagon-like peptide-1; GIP= glucose-dependent insulinotropic peptide).
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1. Introduction

In the past two decades, the endogenous cannabinoid system (ECS) has emerged as an 

important regulator of energy metabolism (Silvestri and Di Marzo, 2013). Up-regulation of 

this system, which includes endocannabinoids (ECs), their synthesizing/degrading enzymes 

and their receptors, is associated with dyslipidemia, obesity and type 2 diabetes mellitus 

(Engeli, 2008; Matias and Di Marzo, 2007). Many of the metabolic regulatory effects 

associated with the ECS are modulated through the cannabinoid 1 receptor (CB1), a Gi/o-

protein coupled receptor found in brain and peripheral tissues. Central CB1 stimulation leads 

to increase food intake (Di Marzo et al., 2001; Silvestri and Di Marzo, 2013), and CB1 

blockade induces weight loss (Van Gaal et al., 2005). Conversely, peripheral CB1s play an 

important role in glucose homeostasis by modulating lipogenesis in liver and adipose tissues 

(Cota et al., 2003; Matias et al., 2006; Osei-Hyiaman et al., 2005), glucose uptake in skeletal 

muscle (Esposito et al., 2008) and motility of the gastrointestinal tract (Izzo and Sharkey, 

2010; Troy-Fioramonti et al., 2014). While most researchers agree that pancreatic beta (β) 

cells also contain CB1 (Bermúdez-Silva et al., 2008; Kim et al., 2011; Starowicz et al., 

2008), its exact role in insulin secretion remains controversial.

Insulin secretion is a tightly regulated process such that blood glucose concentrations are 

maintained within a narrow range at all times. Secretion of insulin is stimulated by both 

glucose and incretins, which include glucose-dependent insulinotropic peptide (GIP) and 

glucagon-like peptide-1 (GLP-1). Incretins are hormones secreted from enteroendocrine 

cells in response to food intake (Montrose-Rafizadeh et al., 1994). Once in circulation, GIP 

and GLP-1 bind to their specific Gs-protein coupled receptors (GIPR and GLP-1R, 
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respectively) on β cells to activate adenylyl cyclase (AC) (Drucker et al., 1987; Thorens, 

1992). The subsequent rise in intracellular cAMP is critical to incretin-mediated insulin 

secretion and accounts for approximately 50% of the total insulin secreted following an oral 

glucose challenge (Kim and Egan, 2008). Activation of CB1 stimulates Gi/o, which inhibits 

AC activity and cAMP synthesis (Turu and Hunyady, 2010). In mouse, enteroendocrine 

cells express CB1 receptor (Sykaras et al., 2012), and its activation inhibits GIP secretion 

(Moss et al., 2012; Troy-Fioramonti et al., 2014), which suggests that blockade of CB1 

would at least indirectly stimulate insulin secretion through GIPR. Several recent studies 

have suggested a potential interaction between incretin receptors and CB1, particularly with 

regard to food intake (E. Bojanowska, 2011; Patel et al., 2014; Radziszewska et al., 2014). 

However, there is a lack of data as to how CB1 would influence the entero-insular axis if 

both incretin and insulin secretion are impacted by the same receptor system.

In the present study, we investigated the role of CB1 on both GLP-1 secretion and 

subsequent receptor-mediated insulin secretion. We demonstrate herein that mice deficient 

in CB1 exhibit higher postprandial incretin secretion and greater GLP-1 sensitivity than 

control mice. Using both genetic and pharmacological manipulations, we further show that 

activation of CB1 down-regulates GLP-1R signaling and, in turn, insulin secretion, in mouse 

insulinoma cells as well as human islets.

2. Materials and Methods

2.1. Reagents

Anandamide (AEA), 2-arachidonoylglycerol (2-AG), arachidonyl-2-chloroethylamide 

(ACEA), AM251 and WIN55,212-2 were obtained from Cayman Chemical (Ann Arbor, 

MI). JD-5037 was provided by Jenrin Discovery, Inc. (Wilmington, DE). Exendin-4 (Ex-4), 

GLP-1 and GIP were obtained from Bachem (Torrance, CA). Dipeptidyl peptidase-4 

(DPP-4) inhibitor was purchased from Millipore (Billerica, MA). Aprotinin was obtained 

from Fisher-Scientific (Middletown, VA). Intralipid 20% was purchased from Fresenius-

Kabi (Uppsala, Sweden). The human Cnr1 (CB1 encoding gene) cDNA was amplified by 

RT-PCR from a human pancreas RNA (Stratagene, Agilent Technologies, Santa Clara, CA), 

and cloned into the mCerulean-N1 vector (Rizzo and Piston, 2005).

2.2. Animal Models and Experimental Diets

Global CB1 receptor knockout (CB1−/−) mice and their wild-type littermates (CB1+/+) 

backcrossed to a C57Bl/6J background were bred as previously described (Zimmer et al., 

1999). Mice (male, 2–3 months old) were provided with water and feed ad libitum on either 

a standard chow diet (SD; 16.7% kcal fat and 12.4% kcal sugar) or a high fat/high sugar diet 

(HFS; 49.2% kcal fat and 21.1% kcal sugar; Dyets Inc., Bethlehem, PA) for 15 weeks. At 

the end of the study, body weight was measured and animals were placed in metabolic cages 

in order to obtain precise measurements of food intake. All animal care and experimental 

procedures followed US National Institutes of Health guidelines and were approved by the 

National Institute on Aging Animal Care and Use Committee.
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2.3. Intraperitoneal glucose tolerance tests

Mice were fasted overnight and given free access to water. Intraperitoneal glucose tolerance 

tests (IPGTT) were carried out as we previously described (Wang et al., 1997). After 36 h of 

GLP-1 (1.5 pmol/kg·min) treatment via subcutaneously-implanted Alzet microosmotic 

pumps (Cupertino, CA) (n=6 per genotype), a bolus of glucose (1 g/kg body weight) was 

administered intraperitoneally. Tail-vein blood samples were collected at 0, 15, 30, 60, and 

90 min.

2.4. Mouse circulating hormone and glucose quantification

Blood glucose concentrations were determined using a glucometer (Elite, Bayer Inc.) from 

fresh tail-vein blood. In order to determine active levels of GLP-1, mice were orally 

administered a single dose of Intralipid (20%) containing D-glucose (30%) via oral gavage 

and blood collected 20 min post-dose (Althage et al., 2008; Lu et al., 2007) into pre-chilled 

tubes containing EDTA, aprotinin and DPP-4 inhibitor. Plasma insulin was measured with a 

mouse insulin ELISA (Crystal Chem Inc., Downers Grove, IL) and active GLP-1 

determined with the GLP-1 (Active 7–36) ELISA (ALPCO, Salem, NH). Plasma GIP and 

leptin were analyzed in 100 μl of plasma (final bleed) using a MILLIPLEX Mouse Gut 

Hormone Magnetic Bead Panel (Millipore, Billerica, MA). HOMA-IR, a measure of liver 

insulin sensitivity, was quantified by: fasting insulin (μU/mL) x fasting glucose (mg/dL)/405 

(Haffner et al., 1997).

2.5. Cell culture and insulin secretion and cAMP assays from cell lines

MIN6 and βTC6 insulinoma cells were maintained in DMEM medium with 10% FBS (Life 

Technologies, Grand Island, NY). CHO-GLP-1R (CHO-K1 cells stably transfected with 

GLP-1R) (Montrose-Rafizadeh, 1997) were maintained in DMEM/F-12 medium with 10% 

FBS. For insulin secretion and cAMP assays, cells were plated in 12-well plates, one or 

three days before transfection, respectively. Cells were washed three times in PBS and were 

pre-incubated for 2 h in the Krebs buffer containing 4 mM glucose at 37°C. Subsequentl y, 

CB1 agonists or inverse agonists were pre-treated for 15 min before the subsequent addition 

of glucose (25 mM) or Ex-4 (10 or 25 nM) for a further 20 min. At the end of the 

experiment, the buffer was collected, centrifuged to remove cellular debris and saved for 

quantification of insulin. The cells were lysed with 0.1 M HCl and were centrifuged to 

remove cellular debris. The supernatant were collected for determination of cAMP and 

protein concentrations. cAMP was measured using a cAMP ELISA kit according to the 

manufacturer’s instructions. The data were normalized to protein concentration, and 

estimated from three independent experiments, each performed in at least triplicate. 

Transfections of the expression vectors and siRNA (Santa Cruz, Dallas, Texas) for Cnr1 

were carried out 24 or 48 h before adding CB1 agonist using Lipofectamine 2000 and 

RNAiMAX (Life Technologies), respectively. Scramble siRNA (Silencer Negative Control 

#1; Life Technologies) or empty vector was transfected as negative control.

2.6. Insulin secretion and cAMP accumulation in isolated human islets

Human pancreatic islets were provided by the NIDDK-funded Integrated Islet Distribution 

Program (IIDP) at City of Hope and incubated in insulin secretion assay buffer (Montrose-
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Rafizadeh et al., 1994) containing 2 mM glucose for a total of 2 h at 37°C, with media being 

refreshed after 1 h. Islets were then pre-treated for 15 min with 7.5 mM glucose 

(postprandial levels), IBMX (25 μM) and increasing concentrations of ACEA before 

stimulation with Ex-4 (0.33 nM) for an additional 20 min at 37°C. Media were co llected for 

measuring insulin secretion (Mercodia, Uppsala, Sweden). Islets were processed for cAMP 

via an ELISA (Enzo Life Sciences, Farmingdale, NY) and total protein concentration 

quantified determined by a Bicinchoninic Acid Protein Assay (Pierce, Rockford, IL).

2.7. Immunoblotting

Protein samples extracted from cells using RIPA buffer (50 mM Tris-HCl at pH 7.4, 150 

mM NaCl, 1% NP-40, 0.1% SDS, 1 mM EDTA) containing protease and phosphatase 

inhibitor cocktails (Millipore, Billerica, Massachusetts) were subjected to Tris-glycine 

PAGE (Life Technologies), immunoblotted with rabbit anti-CB1 (1:500; Frontier Institute 

Co., Ltd, Hokkaido, Japan) and visualized by ECL (GE Healthcare, Pittsburgh, PA).

2.8. RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells using Trizol reagent (Life Technologies) according to 

the manufacturer’s instructions. After reverse transcription, the resulting materials were used 

for qRT-PCR amplification using gene-specific primer pairs (CNR1_F TCC CAC AGA 

AAT TCC CTC TAA CT; CNR1_R CCT TGA ACG ATG AGA GAG ACT TG) and 

SYBR Green PCR master mix (Life Technologies), with data normalized to 18S mRNA.

2.9. Statistical analysis

Quantitative data are presented as the mean ± SEM. Differences between mean values for 

variables within individual experiments were compared statistically by Student’s t-test or 

analysis of variance (ANOVA) as appropriate. Comparisons were performed using 

GraphPad Prism 6.0 software (La Jolla, CA). A p value of < 0.05 was considered 

statistically significant.

3. Results

3.1. CB1−/− mice are leaner and more resistant to diet-induced obesity

Mice were maintained on either a standard diet (SD) or high fat/high sugar diet (HFS). As 

described previously (Cota et al., 2003; Ravinet Trillou et al., 2004), CB1−/− mice were 

around 12% leaner than CB1+/+ mice on both diets (Figure 1A) and had lower food intake 

(Figure S1). CB1−/− mice had significantly lower fasting blood glucose on SD (100 ± 8 

versus 118 ± 9 mg/dL for CB1+/+ mice) and on HFS (155 ± 10 versus 174 ± 9 mg/dL) 

(Figure S2), which was correlated with lower insulin resistance in CB1−/− mice defined by 

HOMA-IR index (Figure S3). After oral administration of a glucose-lipid mix bolus (30% 

D-glucose in 20% Intralipid), blood glucose did not rise as much in CB1−/− mice on both 

SD (207±15 versus 276 ± 25 mg/dL for CB1+/+ mice) or on HFS (263 ± 25 versus 373 ± 21 

mg/dL) (Figure 1B). Circulating insulin levels were also decreased in CB1−/− mice (0.4 ± 

0.05 versus 0.9 ± 0.1 ng/mL for CB1+/+ mice) (Figure 1C) compared to CB1+/+ mice on SD 

as well as on HFS (6 ± 2 versus 12 ± 2 ng/mL) 20 min after glucose-lipid challenge. 
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Additionally, plasma leptin levels were lower in CB1−/− mice after oral administration of 

glucose-lipid mix bolus (Figure 1D).

3.2. Depletion of CB1 alters incretin secretion following a glucose/lipid challenge

In order to determine if CB1 influences postprandial incretin secretion, fasted CB1+/+ and 

CB1−/− mice received a single bolus of glucose-lipid mix so as to stimulate incretin 

secretion. Blood was collected 20 min later, a time known for maximum incretin secretion. 

In accordance with the literature, mice deficient in CB1 had a 68% increase in plasma GIP 

concentrations (867 ± 71 vs. 517 ± 113 pg/mL; Figure 2A); however mice on a HFS diet 

already had elevated GIP levels, presumably due to the diet, and likely were at maximum 

GIP secretion, and so there were no differences between strains. Interestingly, postprandial 

active GLP-1 plasma levels were approximately 23% higher in CB1−/− mice (4.7 ± 0.2 

pg/mL) than in CB1+/+ mice (3.8 ± 0.2 pg/mL) on SD, and was more pronounced (~32% 

increase; 4.8 ± 0.4 for CB1−/− mice versus 3.6 ± 0.2 pg/mL for CB1+/+ mice) when mice 

were maintained on the HFS (Figure 2B).

3.3. CB1−/− mice have enhanced insulin secretion over basal and are more responsive to 
GLP-1 treatment

Since GLP-1 concentrations were altered in CB1−/− mice independent of diet, we sought to 

further explore the role of CB1 in GLP-1-mediated insulin secretion. We first performed an 

IPGTT in CB1+/+ and CB1−/− mice in order to determine incretin-independent glucose-

stimulated insulin secretion. While blood glucose clearance was comparable between strains 

(Figure 3A), plasma insulin levels were significantly lower in CB1−/− mice (Figure 3B). 

This further confirms the greater insulin sensitivity of CB1−/− mice (Figure S3). However 

the rise of plasma insulin 5 minutes after glucose infusion (early phase insulin secretion) 

over fasting levels was ~30% greater in CB1−/− mice than in CB1+/+ mice (Figure 3C). 

Secondly we investigated GLP-1-stimulated glucose-dependent insulin secretion. CB1+/+ 

and CB1−/− mice were subcutaneously infused with GLP-1 and fasted prior to receiving 

glucose intraperitoneally thereby avoiding endogenous incretin secretion. The fasting 

plasma levels of GLP-1 after 36 h of GLP-1 infusion were comparable between CB1+/+ and 

CB1−/− and were 2.5 fold higher than levels after fat-glucose ingestion (Figure S4). 

Following GLP-1 treatment, CB1−/− mice had significantly lower blood glucose levels than 

CB1+/+ mice (Figure 3A). Additionally, early phase insulin secretion was significantly 

greater in CB1−/− mice compared to CB1+/+ mice (Figure 3B). While CB1+/+ mice reached 

their peak insulin concentration at 30 min (5.4 ± 0.2 ng/mL), CB1−/− mice had peak insulin 

at 15 min, which was also greater than in CB1+/+ mice (9.4 ± 0.3 ng/mL) (Figure 3B).

3.4. Endocannabinoids down-regulate GLP-1R-mediated cAMP accumulation and insulin 
secretion in mouse insulinoma cells

Incretins stimulate post-prandial insulin secretion by binding to their Gs-coupled receptors 

found on pancreatic β cells, which increases AC activity and in turn cAMP levels. However, 

elevated glucose concentrations found in the postprandial state also cause increased EC 

production (Kim et al., 2011), which may in turn activate the Gi/o-coupled CB1 that is 

present on pancreatic β cells. We therefore analyzed the effect of stimulating both the 
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GLP-1R and CB1 on AC activity and insulin secretion in βTC6, a mouse insulinoma cell 

line. The potent GLP-1R agonist, Ex-4, significantly increased cAMP accumulation in βTC6 

cells compared to untreated cells (Figure 4A,C). Treatment with either of the ECs, 2-AG 

(Figure 4A) or AEA (Figure 4C), inhibited both Ex-4-stimulated cAMP accumulation and 

insulin secretion by ~40% (Figure 4B,D). Importantly, such effects were prevented by pre-

treating β cells with the CB1 inverse agonist, AM251 (Figure 4A,C–D). AM251 alone 

significantly increased intracellular cAMP (Figure S5). Additionally we confirmed that 

activation of CB1 blocks not only GLP-1R-mediated intracellular cAMP accumulation but 

also GIP action (Figure S6). These findings collectively indicate that ECs inhibit incretin-

mediated insulin secretion.

3.5. Inhibition of GLP-1-mediated adenylyl cyclase activity occurs through the CB1

As 2-AG and AEA are known to activate both CB1 and CB2, we used the highly specific, 

synthetic CB1 agonist ACEA in a separate mouse insulinoma cell line (MIN6) to further 

determine if ECs inhibit AC activity through CB1. We confirmed that the MIN6 cells were 

responsive to glucose-stimulated insulin secretion (Figure S7). ACEA significantly 

decreased Ex-4-mediated cAMP accumulation in MIN6 β cells in a dose-dependent manner 

(Figure 5A), with the maximum inhibition of cAMP accumulation similar to those found in 

non-stimulated cells. ACEA also inhibited Ex-4-stimulated insulin secretion, whereas it did 

not alter insulin secretion when combined with the membrane-depolarizing actions of KCl 

(Figure 5B), indicating that such effects are receptor-mediated. Moreover, knockdown of the 

CB1 encoding gene Cnr1 by siRNA (Figure 5C, D) abolished the ability of ACEA to inhibit 

Ex-4-stimulated cAMP accumulation (Figure 5E). To further eliminate the possibility of any 

non-specific effects of CB1 ligands, GLP-1R stably-transfected CHO cells, which are 

inherently devoid of the cannabinoid receptors, were transiently transfected with either an 

empty vector or Cnr1 and subsequently treated with Ex-4. The inhibitory effects of ACEA 

on Ex-4-stimulated cAMP accumulation were not observed in CHO-GLP-1R cells 

transfected with the empty vector. However, ACEA treatment in CHO-GLP-1R cells 

transfected with the Cnr1 vector led to reduced cAMP accumulation (Figure 5F). Moreover 

isolated islets from CB1−/− showed increase in glucose-mediated insulin secretion in the 

presence of GLP-1R agonism compared to CB1+/+ (Figure S8). Overall, these results show 

that ECs antagonize GLP-1-mediated effects in β cells through CB1 activation.

3.6. Blockade of CB1 prevents cannabinoid-induced inhibition of GLP-1 effect in human 
islets

Finally we determined if CB1 would directly influence GLP-1-mediated AC activity and 

therefore insulin secretion in intact human islets. Islets were pre-cultured under non-

stimulatory conditions with 2 mM glucose for 2 h before being treated with increased 

glucose (7.5 mM .i.e. usual postprandial plasma glucose concentration), Ex-4 and/or 

increasing concentrations of ACEA. As expected, Ex-4 significantly increased both cAMP 

and insulin secretion compared to non-treated islets (Figure 6A–B). Importantly, ACEA 

significantly decreased Ex-4-stimulated cAMP accumulation (by ~65%; Figure 6A) and 

insulin secretion (by ~50%; Figure 6B) in human islets, with values similar to basal levels. 

This inhibitory effect was even more prominent in the human islets compared to mouse 

insulinoma cells since it resulted in a complete blockade of GLP-1-mediated stimulation and 
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with much lower concentrations of ACEA (Figure 5A versus Figure 6A). Pre-treatment of 

islets with a CB1 inverse agonist, AM251 or JD-5037 (a peripherally-restricted CB1 blocker 

(Tam et al., 2012)), partially prevented (~30%) the effect of ACEA on Ex-4-stimulated AC 

activity (Figure 6C). Similarly, the loss in insulin secretion was partially rescued by pre-

treating with AM251, and totally prevented with JD-5037 (Figure 6D).

4. Discussion

In the present report, we provide evidence for a regulatory mechanism by which the ECS 

indirectly regulates insulin secretion through influencing both GLP-1 release and GLP-1R 

signaling in β cells. We report that CB1−/− mice not only have enhanced early phase 

glucose-mediated insulin secretion but also are more sensitive to GLP-1-stimulated glucose-

dependent insulin secretion. Additionally CB1−/− mice have higher circulating incretin 

levels upon fat-glucose ingestion, and GLP-1R agonists are known to improve early phase 

glucose-mediated insulin secretion by elevating intracellular cAMP levels in β cells (Wang 

et al., 1997). Furthermore, CB1 activation negatively impacts GLP-1R-mediated insulin 

secretion. This was prevented by blockade of the CB1 receptor in both insulinoma cells and 

in human islets.

Global CB1−/− mice are known to exhibit reduced fasting plasma insulin levels, low leptin 

levels and food intake and are resistant to diet-induced obesity (Cota et al., 2003; Ravinet 

Trillou et al., 2004). A very recent study reported a comparable phenotype in mice lacking 

DAGLα, a lipase responsible for 2-AG biosynthesis, suggesting 2-AG as the EC responsible 

for regulating body weight and not AEA (Powell et al., 2015). Similarly, the blockade of 

peripheral CB1 in both genetic and diet-induced obese mice results in decreased plasma 

insulin concentrations (Nam et al., 2012; Tam et al., 2012, 2010). Accordingly CB1−/− mice 

eat less and weigh less with both SD and HFS, which in turn would result in lower mean 

circulating glucose levels. Insulin and leptin levels were also significantly lower than wild-

type and did not rise to the same extent with HFS. Interestingly, although circulating leptin, 

which is known to stimulate GLP-1 secretion (Anini and Brubaker, 2003), was lower in 

CB1−/− mice in SD and this strain is significantly smaller, a bolus of glucose/lipid 

stimulated incretin secretion ~20–70% more than in wild-type mice. This effect was 

constant in HFS only for GLP-1 but not for GIP, probably because secretion of GIP was at 

maximum capacity in wild-type when fed HFS. Previous studies have already documented a 

relationship between ECS and enteroendocrine cells. Duodenal AEA and 2-AG levels are 

increased with fasting and decreased by re-feeding in both lean and obese rats (Izzo et al., 

2009) in a manner opposite of what would be expected for incretin secretion. Indeed CB1 is 

expressed in enteroendocrine cells and ECs have been shown to inhibit GIP release (Moss et 

al., 2012; Sykaras et al., 2012). Not only was GLP-1 secretion greater in CB1−/− mice, 

which must mean that L cells are normally under tonic inhibition by CB1, but the mice were 

more sensitive to GLP-1-mediated insulin secretion even under regular chow conditions.

The role of CB1 in insulin secretion and islet function has long been a point of contention. 

While several in vitro studies have found increased insulin secretion following CB1 

activation (Bermúdez-Silva et al., 2008; Duvivier et al., 2009; Getty-Kaushik et al., 2009; 

Juan-Pico et al., 2006; Li et al., 2010; Malenczyk et al., 2013; Matias et al., 2006), others 
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found decreases in insulin release (Anderson et al., 2013; Li et al., 2011; Nakata and Yada, 

2008). One potential explanation for these discrepancies is that ECs, which are elevated 

under obese conditions, act on CB1 and it in turn regulates factors, such as incretins, found 

only in the whole organism that are absent in isolated islet and β cell cultures. 

Pharmacologic blockade of CB1 with rimonabant along with co-administration of Ex-4 

reduced hyperglycemia in diet-induced obese mice (Patel et al., 2014). It is also plausible 

that human islets have not only different morphology from mouse islets, but have different 

physiological responses to CB1 modulation. In our study we show that cannabinoids 

reduced GLP-1-mediated intracellular cAMP accumulation and subsequent insulin secretion 

in a concentration-dependent manner in insulinoma cells and human islets. Indeed, both 

synthetic (ACEA) and endogenous (2-AG and AEA) ligands of CB1 dose-dependently 

reduced Ex-4-stimulated cAMP accumulation and insulin secretion in mouse insulinoma 

cells. These effects undoubtedly occurred through CB1 as demonstrated by the use of CB1 

siRNA as well as a CHO cell line that exclusively expresses GLP-1R and CB1. ACEA 

blockade of Ex-4 action was prevented when islets were pre-treated with either a global 

(AM251) or peripherally-restricted (JD-5037) CB1 inverse agonist, suggesting that 

peripherally-restricted compounds might have translational relevance.

A new intriguing mechanism for prolonging GLP-1 action has recently been described. 

Lipids, such as oleoylethanolamide (OEA) and 2-oleoylglycerol appear to bind GLP-1 itself 

and this modification enhances GLP-1 action at its receptor (Cheng et al., 2015). Therefore 

it is possible to hypothesize that diets with differing lipid compositions will alter EC 

synthesis and other lipid mediators, which might also then impact GLP-1 action in either a 

negative or a positive manner.

Peripheral CB1 blockade has previously been shown to protect against CB1-induced 

macrophage infiltration and its associated β cell loss in a rodent model of type 2 diabetes, 

thereby improving β cell health (Jourdan et al., 2013). In addition, CB1 inverse agonists 

enhance insulin receptor signaling and increased survival in β cells (Kim et al., 2012, 2011). 

Together with the results presented herein, blockade of CB1 may prove to be a beneficial 

therapeutic for type 2 diabetes in a multi-fold fashion by increasing insulin responsiveness, 

preventing macrophage infiltration and improving incretin-mediated insulin secretion.

5. Conclusion

Mice lacking CB1 receptor secrete greater amounts of both GIP and GLP-1 and diet-induced 

obesity does not further increase the already higher GIP levels present in CB1−/− mice. Mice 

lacking CB1 receptor are also more sensitive to the insulin secretory effects of GLP-1. CB1 

receptor indeed negatively regulates GLP-1R in β cells, which in turns regulates insulin 

secretion in mouse and also in human islets. In summary, we contribute to further evidence 

that CB1 tonically inhibits incretin secretion in the fasting state and acts as a brake on the 

entero-insular axis to limit the secretion of incretins as well as their ability to stimulate 

insulin secretion in the fed state (illustrated schematically in the graphical abstract). Further 

studies examining the relationship between the CB1 and incretin receptors on β cells under 

hyperglycemic and/or obese conditions are warranted and may provide insight as to the 

potential benefit for using peripherally-restricted CB1 inverse agonists in combination with 
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exenatide, liraglutide and lixisenatide (as well as dipeptidyl peptidase-4 inhibitors) for the 

treatment of type 2 diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AC Adenylyl cyclase

ACEA arachidonoyl 2′-chloroethylamide

AEA anandamide

2-AG 2-arachidonoylglycerol

EC endocannabinoid

GIP glucose-dependent insulinotropic peptide

GLP-1 glucagon-like peptide-1

DPP-4 Dipeptidyl peptidase-4

Ex-4 exendin-4

IPGTT Intraperitoneal glucose tolerance test

SD standard diet

HFS high fat/high sugar diet

Glut2 glucose transporter 2

PKA protein kinase A

NAPE-PLD N-Acyl phosphatidylethanolamine-specific phospholipase D

DAGL Diacylglycerol lipase
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Highlights

• CB1−/− mice have improved glucose homeostasis in regular diet and high fat 

diet.

• Knocking out CB1 increases incretin secretion in mice.

• Cannabinoids inhibit GLP-1R-dependent insulin secretion in insulinoma cells 

via CB1.

• ACEA inhibition of insulin secretion is rescued by CB1 blockade in human 

islets.
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Figure 1. CB1−/− mice have lower body weight and leptin levels and are more insulin sensitive 
than CB1+/+ mice
CB1+/+ (white bars/circles) and CB1−/− (black bars/circles) mice maintained on a standard 

diet (SD) or high fat/high sugar diet (HFS) were fasted overnight. Body weight (A) was 

measured. Blood glucose and plasma hormone concentrations (B–D) were determined 20 

min after oral administration of a glucose and fat mix (30% D-glucose in 20% Intralipid). 

Plasma was assayed for glucose (B), insulin (C) and leptin (D). Data are represented as 

mean ± SEM (n=5–8/group). *p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001 compared to CB1+/+ 

mice; # p ≤ 0.01 compared to SD.
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Figure 2. CB1−/− mice have higher re-feeding-stimulated circulating plasma incretin levels
CB1+/+ (white bars) and CB1−/− (black bars) mice maintained on a standard diet (SD) or 

high fat/high sugar diet (HFS) were fasted overnight and re-fed with a mix of glucose and 

fat. Plasma GIP (A) and active GLP-1 (B) were determined 20 min after oral gavage. Data 

are represented as mean ± SEM (n=5–8/group). *p ≤ 0.05 compared to CB1+/+ mice; # p ≤ 

0.05 compared to SD.
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Figure 3. CB1−/− mice have improved intraperitoneal glucose tolerance following GLP-1 
stimulation
Incretin-independent glucose-stimulated insulin secretion: CB1+/+ and CB1−/− mice were 

fasted prior to IPGTT (1 g/kg glucose). Blood glucose levels (A) and plasma insulin levels 

(B) were determined in CB1−/− (black boxes/bars) and in CB1+/+ mice (white boxes/bars) 

(n=7–8/group). Increase of plasma insulin level over basal (fold increase) is shown at 5, 15 

and 30 min after glucose infusion (C). Glucose-dependent GLP-1-stimulated insulin 

secretion: CB1+/+ and CB1−/− mice were administered GLP-1 (1.5 pmol/kg·min) via 

microosmotic pumps and fasted prior to the IPGTT (1 g/kg glucose). Blood glucose levels 
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(D) and plasma insulin levels (E) were determined in CB1−/− (black boxes/bars) and in 

CB1+/+ mice (white boxes/bars) (n=5–6/group). Data are represented as mean ± SEM. *p ≤ 

0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Figure 4. Cannabinoids modulate GLP-1-mediated intracellular cAMP accumulation and insulin 
secretion in βTC6 cells
Relative intracellular cAMP (A, C) and insulin (B, D) concentrations secreted from βTC6 

cells treated with the endogenous cannabinoid 2-AG (A–B) or AEA (C–D) without or with 

the inverse agonist AM251 before subsequent addition of Ex-4 (25 nM). All values were 

normalized to protein concentration and represented as percentage to unstimulated cells. 

Data are mean ± SEM, n=3. *p≤0.05; **p≤0.01.
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Figure 5. CB1 activation down-regulates GLP-1-mediated adenylyl cyclase activity
Relative cAMP (A) and insulin (B) concentrations in MIN6 cells treated with the specific 

CB1 agonist ACEA before the subsequent addition of Ex-4 or KCl. (C–D) Relative Cnr1 

mRNA (C) and protein (D) levels in MIN6 cells following transfection with scrambled 

(white bars) or Cnr1 (black bars) siRNAs for 48 h. (E) Effects of ACEA on Ex-4-stimulated 

cAMP accumulation in MIN6 cells following transfection with indicated siRNAs. (F) 

Effects of CB1 over-expression on GLP-1-mediated cAMP accumulation. CHO-K1 cells 

stably expressing GLP-1R were transiently transfected with empty vector (white bars) or 

Cnr1 (black bars) plasmids and pre-incubated with ACEA for 20 min prior to stimulation 

with Ex-4. All values were normalized to protein concentration and represented as 

percentage to unstimulated cells. Data are mean ± SEM, n=3. *p ≤ 0.05; **p ≤ 0.01, n.s.= 

not significant.
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Figure 6. CB1 blockade reduces GLP-1-stimulated AC activity and insulin secretion in human 
islets
(A–B) Relative concentrations of intracellular cAMP (A) and insulin secretion (B) from 

isolated human islets pre-treated for 15 min with increasing concentrations of ACEA before 

stimulation with Ex-4 for an additional 20 min. (C–D) Effects of blocking CB1 on GLP-1 

response in human islets. Relative levels of cAMP (C) and insulin secretion (D) in islets pre-

treated with a CB1 inverse agonist (AM251 or JD-5037) prior to ACEA and Ex-4 as 

described above. All values were normalized to protein concentration and represented as 

percentage to unstimulated cells. Data are represented as mean ± SEM, n=3–5. *p ≤ 0.05; 

**p ≤ 0.01, ***p ≤ 0.001.
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