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Abstract

Cannabinoid 1 receptors (CB1Rs) are expressed in peripheral tissues, including islets

of Langerhans, where their function(s) is under scrutiny. Using mouse b-cell lines,

human islets and CB1R-null (CB1R�/�) mice, we have now investigated the role of

CB1Rs in modulating b-cell function and glucose responsiveness. Synthetic CB1R

agonists diminished GLP-1-mediated cAMP accumulation and insulin secretion as

well as glucose-stimulated insulin secretion in mouse b-cell lines and human islets.

In addition, silencing CB1R in mouse b cells resulted in an increased expression of

pro-insulin, glucokinase (GCK) and glucose transporter 2 (GLUT2), but this increase

was lost in b cells lacking insulin receptor. Furthermore, CB1R�/� mice had

increased pro-insulin, GCK and GLUT2 expression in b cells. Our results suggest that

CB1R signalling in pancreatic islets may be harnessed to improve b-cell glucose

responsiveness and preserve their function. Thus, our findings further support that

blocking peripheral CB1Rs would be beneficial to b-cell function in type 2 diabetes.

K E YWORD S

b-cell function, cannabinoid 1 receptor, glucokinase, glucose transporter 2, insulin secretion

Hanho Shin and Ji Hye Han contributed equally to this work.

Josephine M. Egan and Wook Kim contributed equally to this work.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2018 The Authors. Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

Received: 1 June 2017 | Accepted: 1 December 2017

DOI: 10.1111/jcmm.13523

J Cell Mol Med. 2018;22:2337–2345. wileyonlinelibrary.com/journal/jcmm | 2337

http://orcid.org/0000-0002-6374-0140
http://orcid.org/0000-0002-6374-0140
http://orcid.org/0000-0002-6374-0140
http://orcid.org/0000-0002-7701-4684
http://orcid.org/0000-0002-7701-4684
http://orcid.org/0000-0002-7701-4684
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/JCMM


1 | INTRODUCTION

Insulin-producing pancreatic b cells have to secrete insulin in a way

that maintains the blood glucose level in a narrow range at all times.

Glucose is the primary stimulus for insulin secretion, a process that

requires glucose sensing.1 Pancreatic b cells can sense and respond to

changing blood glucose concentrations with the help of glucose trans-

porter 2 (GLUT2) and glucokinase (GCK), which are the glucose-

sensing machinery.1 Blood glucose is transported into the b cells

through GLUT2, and GCK traps glucose in the cytoplasm by immediate

phosphorylation. Glucose metabolism in b cells generates ATP that

inhibits potassium efflux through KATP channels, resulting in b-cell

membrane depolarization and entry of extracellular Ca2+ through volt-

age-dependent Ca2+ channels, which then initiate insulin release. The

glucose dependency of insulin secretion is greatly enhanced by

increased adenylyl cyclase (AC) activity and in the fed state, enhanced

AC activity is generally controlled by the incretins, glucagon-like pep-

tide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP).

The binding of GLP-1 to its specific receptors (GLP-1Rs) on b cells

results in activation of AC, cAMP production and subsequent activa-

tion of PKA and the Epac family. This sequence of events leads to

enhanced glucose-dependent exocytosis of insulin from insulin-secre-

tory vesicles 2,3 and other downstream effects such as improved insu-

lin biosynthesis and increased pro-insulin, GLUT2 and GCK

expressions.4-6 Accordingly, altered glucose-sensing machinery of b

cells leads to defects in glucose-stimulated insulin secretion (GSIS).

Indeed, islets from diabetic Zucker rats have impaired GSIS due to

defective glucose sensing associated with a reduction in the expres-

sions of GLUT2 and GCK.7 Moreover, b-cell–specific knockout of

GLUT2 or GCK led to severe hyperglycaemia and infant death due to

impaired GSIS and, conversely, re-expression of GLUT2 in b cells res-

cued GLUT2-null mice from infant death and restored normal GSIS.8,9

b cells synthesize and secrete insulin as well as the known endoge-

nous cannabinoids (ECs).10-12 The ECs, 2-arachidonoylglycerol (2-AG)

and anandamide (AEA), are lipid transmitters that are not pre-stored in

granules, but are synthesized and released from cells only “on demand”

by Ca2+-dependent enzymes in the brain, fat, macrophages, and liver,

in addition to islets, following membrane depolarization.10-15 Thus,

both insulin secretion and EC synthesis are controlled by cell depolar-

ization and Ca2+ mobilization. The biological effects of ECs are medi-

ated by two G protein-coupled receptors (CB1R and CB2R), which,

when activated, inhibit AC activity and cAMP accumulation.15,16 CB1Rs

are expressed in neurons and peripheral tissues such as liver, adipose

tissue and skeletal muscle and contribute to food intake and peripheral

metabolic regulation including lipid and glucose homoeostasis and insu-

lin sensitivity.17-19 In fact, as ECs and CB1Rs are overactive in obesity

and type 2 diabetes (T2D), many scientists have been interested in

blockade of CB1R as a new therapeutic approach for the treatment of

obesity-related diseases. In addition, the majority of reports, including

our previous study,20-22 found that rodent and human b cells express

CB1Rs, whereas CB2Rs were not expressed in b cells11,20,23,24; how-

ever, there are also reports to the contrary.10-12,23,25

EC treatment of isolated mouse islets was reported to inhibit

GSIS and lower intracellular Ca2+ levels24; there are similar findings

from another group.25,26 However, the published literature is con-

flicting as regards the coupling of CB1Rs with Gai or Gas as well as

their effects on insulin secretion. It has been reported that in certain

circumstances, CB1R stimulation leads to Gas coupling, AC activa-

tion and increased GSIS.11,16,27-31 In addition, there are reports of

EC treatment of mouse islets leading to decrease in cAMP,16,28 while

increasing intracellular calcium and insulin secretion.16 Here, we eval-

uated human islets, several b-cell lines and CB1R-null (CB1R�/�)

mice in order to outline what the relevance of b-cell–derived ECs

might be to AC activity and insulin secretion. Moreover, we also

investigated the effect of CB1Rs on the expression of pro-insulin,

GLUT2 and GCK.

2 | MATERIALS AND METHODS

2.1 | Materials and reagents

The Rat/Mouse Insulin ELISA Kit was from Linco Research, and the

cAMP EIA kit was from Assay Designs. WIN55,212-2, CP 55,940,

arachidonyl-20-chloroethylamide (ACEA) and AM251 were obtained

from Cayman Chemical. Exendin-4 (Ex-4) was obtained from

Bachem. The human CB1R cDNA was amplified by RT-PCR from

human pancreatic RNA (Stratagene), with oligo-dT (18 bp) for the

reverse transcription. The CB1R cDNA was incorporated into a

mCerulean-N1 vector for CB1R-cerulean with the cerulean epitope.

2.2 | Cell culture and insulin secretion and cAMP
assays from cell lines

CHO-K1, CHO-GLP-1R (CHO-K1 cells stably transfected with GLP-

1R),32 CHO-GLP-1R-CB1R (CHO-GLP-1R cells stably transfected with

CB1R) 21 were maintained in DMEM/F-12 medium with 10% FBS.

bIRWT and bIRKO cells were established from control and b-cell–

specific insulin receptor (IR) knockout mice, respectively.20,22,33 Insu-

lin-secreting mouse b-cell lines (MIN6 and bTC6 cells) were main-

tained in DMEM medium with 10% FBS (Invitrogen). For insulin

secretion and cAMP assays, cells were plated in 12-well plates, 1 and

3 days before transfection, respectively. Cells were washed three

times in PBS and pre-incubated for 2 hours in Krebs buffer containing

4 mmol/L glucose, at 37°C. Subsequently, the cells were treated with

CB1R agonists (WIN 55,212-2, CP 55,940, ACEA or 2-AG) in the

absence and presence of CB1R antagonist AM215 (2.5 lmol/L) for

15 minutes prior to stimulation with glucose (4, 15, or 25 mmol/L),

forskolin (10 lmol/L) or Ex-4 (10 or 25 nmol/L) for 20 minutes. 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 mol/L HCl and were centrifuged to remove cellu-

lar debris. The supernatant was collected for determination of cAMP

levels and protein concentrations. The cAMP levels were measured

using a cAMP EIA kit according to the manufacturer’s instructions. The
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data were normalized to insulin content or protein concentration and

estimated from three independent experiments, each performed in at

least triplicate. Transfections of the expression vectors and siRNA

(Santa Cruz) for CB1R were carried out 24 and 48 hours before adding

CB1R agonist using Lipofectamine 2000 and RNAiMAX (Invitrogen),

respectively. Scramble siRNA (Silencer Negative Control #1; Ambion)

or empty vector was transfected for negative control.

2.3 | Mice

CB1R�/� mice and their wild-type littermates were developed and

backcrossed to a C57Bl/6J background as previously described.34

Two- to three-month-old male CB1R+/+ and CB1R�/� mice were

used for this study. All animal care and experimental procedures fol-

lowed National Institutes of Health guidelines and were approved by

the National Institute on Aging Animal Care and Use Committee.

2.4 | Islet isolation and measurement of insulin
content and secretion in islets

Freshly isolated islets of Langerhans from human cadaveric donors

were obtained from the Islet Cell Resource Center. Mouse islets were

isolated from CB1R�/� and age-matched CB1R+/+ mice using collage-

nase digestion as previously described.35 For insulin secretion assays,

we picked 10 size-matched islets per tube in Krebs buffer containing

4 mmol/L glucose followed by 30-minutes incubation at 37°C. We

pelleted the islets and replaced the buffer with Krebs solution contain-

ing the indicated glucose concentration. After 10-minutes incubation

at 37°C, we collected the supernatant for insulin measurement and

measured insulin content or protein concentration for normalization.

Insulin levels were determined from three independent experiments

performed in triplicate. Intra-islet insulin content was measured using

ice-cold acid-alcohol as we previously described.6

2.5 | Immunostaining

For frozen sections, mice were anaesthetized, and pancreata were

rapidly dissected, fixed in 4% paraformaldehyde, immersed in 20%

sucrose before freezing and then sectioned at a thickness of 7 lm.

After antigen unmasking, the slides were blocked with 5% BSA/PBS

and incubated at 4°C, with guinea pig anti-insulin (1:500; Millipore),

rabbit anti-GCK (1:100; Santa Cruz) and rabbit anti-GLUT2 (1:200;

Santa Cruz), followed by secondary antibodies (Invitrogen). Slides

were viewed under an LSM-710 confocal microscope (Carl Zeiss).

Using LSM Image Browser software (Carl Zeiss), multiple sections

from three mice per genotype, separated by at least 200 lm from

each section, were assessed for quantification of GCK and GLUT2.

2.6 | Quantitative real-time PCR analysis

Total RNAs were isolated from frozen mouse islets or bTC6 cells

using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,

USA), according to the manufacturer’s protocol. All extractions were

followed by DNase I treatment (Invitrogen). After reverse transcrip-

tion (RT) using random hexamers and reverse transcriptase (Toyobo,

Osaka, Japan), the mRNA abundance was assessed using a CFX Con-

nectTM Real-Time PCR Detection System (Bio-Rad, Hercules, CA,

USA) and the SYBR green PCR master mix (Kapa Biosystems, Wilm-

ington, MA, USA). The 18S gene was used for normalization to quan-

tify the relative mRNA expression levels. Gene-specific primer

sequences were summarized in Table S1.

2.7 | Immunoblotting

Protein samples were extracted from cells using RIPA buffer

(50 mmol/L Tris-HCl at pH 7.4, 150 mmol/L NaCl, 1% NP-40, 0.1%

SDS, 1 mmol/L EDTA) containing protease and phosphatase inhibitor

cocktails (Calbiochem). They were then subjected to Tris-Glycine

PAGE (Invitrogen), immunoblotted with rabbit anti-CB1R (1:500;

Frontier Science), anti-insulin (1:1000; Santa Cruz), anti-GCK (1:500;

Abcam), anti-GLUT2 (1:1000; Santa Cruz) or mouse anti-b-actin

(1:10000; Abcam), and visualized by ECL (GE Health). Whole pancre-

ata were homogenized by a motor-driven pestle in ice-cold RIPA

buffer containing protease and phosphatase inhibitor cocktails.

Homogenates were solubilized by end-over-end mixing at 4°C for

60 minutes and subjected to centrifugation. Total protein was deter-

mined using Bradford assay (Bio-Rad).

2.8 | Statistical analysis

Quantitative data were presented as the mean � SEM. Differences

between mean values for variables within individual experiments

were compared statistically by Student’s t test. Comparisons were

performed using GraphPad Prism (GraphPad Software). A P value of

<.05 was considered statistically significant.

3 | RESULTS

3.1 | Activation of CB1Rs decreases cAMP
accumulation

Despite conflicting studies,36,37 the majority of reports on the

subject suggest that CB1Rs are present in pancreatic b

cells.10,11,15,23,24,38,39 Western blot analysis confirmed that CB1Rs

are expressed in mouse insulinoma cell lines (bTC6 and MIN6 cells)

but are lacking in CHO cell lines (CHO-K1 and CHO-GLP-1R) stably

transfected with vector and GLP-1R 32 (Figure 1A).

As activation of CB1R leads to reduced intracellular cAMP by

inhibiting AC via Gai class of heterotrimeric G proteins,15,16 we sur-

mised that ECs upon their discharge from b cells, which occurs after

membrane depolarization,10-12,15 would influence cAMP accumula-

tion and insulin secretion. To prove whether ECs inhibit AC activity

by activation of CB1Rs, we first transiently transfected CHO-GLP-

1R cells with vector (CHO-vector) or CB1R (CHO-CB1R) and acti-

vated AC in these cells using forskolin (Figure 1B). As expected, this

led to increased intracellular cAMP levels in CHO-vector cells,
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whereas ACEA, a highly selective CB1R agonist, did not impact the

effect of forskolin (Figure 1C). However, in CHO-CB1R cells, ACEA

significantly reduced forskolin-mediated intracellular cAMP genera-

tion (Figure 1C). Next, we investigated the effects of ACEA on

cAMP accumulation caused by Exendin-4 (Ex-4, a potent ligand of

the GLP-1R) in CHO-vector and CHO-CB1R cells. Under the condi-

tions of high GLP-1R expression, Ex-4 is a powerful stimulus to AC

activation and intracellular cAMP accumulation (Figure 1D). The inhi-

bitory effects of ACEA on Ex-4-stimulated cAMP accumulation were

not observed in CHO-vector cells, which is likely due to lack of

CB1Rs (Figure 1A). However, ACEA treatment in CHO-CB1R cells

transiently transfected with CB1R led to reduced cAMP accumula-

tion (Figure 1D). To further confirm the effects of CB1R agonism on

cAMP accumulation, we used another CB1R agonist CP 55 940 and

F IGURE 1 Effects of CB1R agonists on intracellular cAMP accumulation in CHO-GLP-1R cells. A, Western blot analysis showing CHO-K1
and CHO-GLP-1R (CHO-K1 cells stably transfected with rat GLP-1R) do not express CB1Rs, unlike insulin-secreting mouse b-cell lines (bTC6
and MIN6). Mouse brain was used as a positive control, and b-actin was used as a loading control. B, Overexpression of CB1R in CHO-K1
cells. Representative images of the mCerulean-vector- and mCerulean-CB1R-transfected CHO-K1 cells under a fluorescence microscope 24 h
after transfection. Western blot analysis of CB1R expression in CHO-K1 cells 24 h after mCerulean-CB1R transfection is shown on the right.
C, Effects of CB1R overexpression on forskolin-mediated cAMP accumulation. CHO-K1 cells stably expressing GLP-1R were transiently
transfected with empty vector (CHO-vector) or CB1R (CHO-CB1R) and pre-incubated with ACEA for 15 min prior to stimulation with
forskolin. D, Effects of CB1R overexpression on Ex-4-mediated cAMP accumulation in CHO-vector and CHO-CB1R cells. The cells were pre-
treated with ACEA for 15 min before the subsequent addition of Ex-4 for an additional 20 min. E, Forskolin-mediated cAMP accumulation in
CHO-GLP-1R cells stably transfected with empty vector (CHO-GLP-1R-vector) or CB1R (CHO-GLP-1R-CB1R). The cells were pre-incubated
with CP 55,940 for 15 min prior to stimulation with forskolin. F, Ex-4-mediated cAMP accumulation in CHO-GLP-1R-vector and CHO-GLP-
1R-CB1R cells. The cells were pre-treated with CP 55,940 for 15 min prior to stimulation with Ex-4. All values were normalized to protein
concentration. Data are shown as the mean � SEM from at least 3 independent experiments. *P < .05; **P < .01, n.s. = not significant
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alternate CHO-GLP-1R cells stably transfected with empty vector

(CHO-GLP-1R-vector) or CB1R (CHO-GLP-1R-CB1R).21 Consistently,

CP 55 940 abrogated both forskolin- and Ex-4-mediated cAMP

accumulation in CHO-GLP-1R-CB1R cells, but not in CHO-GLP-1R-

vector (Figure 1E, F), confirming the inhibitory action of ECs on AC

activity in a receptor-dependent manner.

3.2 | Activation of CB1Rs decreases insulin
secretion from pancreatic b cells

Having shown that ECs inhibit forskolin- and Ex-4-mediated AC acti-

vation and cAMP accumulation, we subsequently investigated their

effects in b cells. Ex-4-mediated cAMP accumulation in bTC6 cells

was significantly decreased by another synthetic CB1R agonist

WIN55,212-2 in a concentration-dependent manner (Figure 2A). Con-

sistently, WIN55,212-2 also abrogated Ex-4-mediated insulin secretion

from bTC6 cells (Figure 2B). Using human islets, we further confirmed

that the insulinotropic effects of Ex-4 were enhanced by blocking

CB1Rs with AM251, a CB1R antagonist (Figure 2C). These results

prove that ECs antagonize incretin-mediated effects in b cells.

We then examined the effect of CB1R on GSIS. As expected,

pharmacological activation of CB1R by WIN55,212-2 inhibited GSIS

from bTC6 cells in a concentration-dependent manner, and this

was counteracted by pre-incubation of the cells with AM251

(Figure 2D). Furthermore, ACEA and 2-AG inhibited GSIS from

human islets (Figure 2E). Overall, these results favour the conclusion

that ECs are inhibitory mediators of AC activity and insulin secre-

tion in b cells.

3.3 | Effects of CB1R ablation on gene expression

Next, we measured the abundance of intra-islet insulin and insulin

mRNA in b cells. Knockdown of CB1Rs by siRNA in bTC6 cells

enhanced insulin gene expression (Figure 3A). Freshly isolated islets

from CB1R�/� mice had increased insulin content after acid-alcohol

extraction compared to those of age-matched wild-type (CB1R+/+) lit-

termates (Figure 3B), most likely as a direct result of up-regulation

of insulin gene expression (Figure 3C). Consistently, Western blot

analysis confirmed that pancreas of CB1R�/� mice had significantly

increased level of pro-insulin compared to those of age-matched

CB1R+/+ mice (Figure 3D). In addition, we measured protein levels of

glucose-sensing apparatus involved in the early steps of GSIS and

glucose metabolism in b cells. Western blot analysis showed that

pancreas of CB1R�/� mice had significantly increased level of GCK

and GLUT2 compared to those of CB1R+/+ mice (Figure 3D). Consis-

tently, levels of GCK (Figure 3E) and GLUT2 (Figure 3F) in fasting

F IGURE 2 Effects of CB1R agonists on insulin secretion. A and B, Relative intracellular cAMP (A) and insulin (B) concentrations secreted from
bTC6 cells treated with the synthetic CB1R agonist WIN55,212-2 before the subsequent addition of Ex-4. C, Effects of blocking CB1R on Ex-4-
mediated insulin secretion in human islets. Human islets were pre-treated with a CB1R inverse agonist AM251 before the subsequent addition of
Ex-4. D, Relative insulin concentrations secreted from bTC6 cells in response to glucose in the absence or presence of WIN55,212-2, AM251 or
both. E, Relative insulin concentrations secreted from human islets in response to glucose in the absence or presence of ACEA or 2-AG. All values
were normalized to protein concentration. Data are shown as the mean � SEM from three independent experiments. *P < .05; **P < .01
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state were significantly higher in b cells of CB1R�/� mice compared

to those of CB1R+/+ mice.

3.4 | Inhibitory effects of CB1R on gene expression
depend on insulin receptor (IR) signalling

Our previous reports have shown direct evidence of physical and func-

tional interactions between CB1R and insulin receptors (IRs) in b cells, in

which activation of CB1R suppressed IR signalling pathway via IRS2-

AKT-FoxO1 by diminishing IR kinase activity.20,22 As IR signalling is a key

regulator that promotes the expression of insulin, GCK and GLUT2 in b

cells, we investigated whether CB1Rs regulate the expression of insulin,

GCK and GLUT2 in IR-dependent manner. For this, we employed b cells

established from wild-type (bIRWT) and b-cell–specific IR knockout

(bIRKO) mice 20,22,33 (Figure 4A), in which expression levels of CB1Rs are

similar (Figure 4B). Knockdown of CB1Rs by siRNA in bIRWT cells

enhanced the expression of insulin, GCK and GLUT2, whereas knockout

of IR abolished the ability of CB1R to regulate the expression of insulin,

GCK and GLUT2 (Figure 4C), suggesting that CB1R regulates the expres-

sion of insulin, GCK and GLUT2 by inhibiting IR signalling (Figure 4D).

F IGURE 3 Effects of blocking CB1R on intra-b-cell insulin content and glucokinase (GCK) and glucose transporter 2 (GLUT2) expressions.
A, CB1R and Insulin (Ins2) mRNA levels in bTC6 cells transfected with control (siCtrl) or CB1R (siCB1R) siRNA. B, Intra-islet insulin content
in islets isolated from CB1R+/+ and CB1R�/� mice. Insulin was extracted from islets freshly isolated from CB1R+/+ and CB1R�/� mice using
acid-alcohol (n = 3 separate isolates). Size-matched 10 islets per tube were analysed, and data were normalized to protein concentration. C,
Insulin (Ins1 and Ins2) mRNA levels in islets isolated from CB1R+/+ and CB1R�/� mice (n = 4 separate isolates). Data were normalized to 18S
ribosomal RNA levels. D, Western blot analysis of preproinsulin, GCK and GLUT2 expressions in total lysates prepared from whole
pancreata of overnight-fasted CB1R+/+ and CB1R�/� (n = 4 per genotype) mice. Signals on Western blots were quantified by densitometry
and are shown on the right. E and F, Immunofluorescent staining for GCK (E) and GLUT2 (F) in islets of overnight-fasted CB1R+/+ and
CB1R�/� mice. Scale bar, 50 lm. Relative signal intensity for the indicated proteins in islets is shown on the right (n = 3 per genotype).
Quantification of GCK and GLUT2 intensities was shown on the right. Data are shown as the mean � SEM from three independent
experiments. *P < .05; **P < .01
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4 | DISCUSSION

As mentioned in the introduction, there are many reports of

CB1R expression on pancreatic b cells in mouse and

human 10,11,16,23,24,38,39 and we concur.20-23 Recent reports, including

our own,20 have also found that b cells contain the other components

of EC system including the necessary enzymes for their biosynthesis

and degradation, and have the capacity to generate ECs in response

to glucose stimulation even when islets are isolated from the

pancreas.10-12,20 As EC synthesis and insulin secretion are controlled

by membrane depolarization and Ca2+ mobilization,10-12,15,20,40 this

supports the notion that the metabolically derived stimuli to insulin

secretion also lead to EC generation and therefore should mean that

insulin secretion and EC generation are proportional to one another.

We have now found that ECs inhibit AC activity and that they inhibit

cAMP accumulation in b cells, which results in diminished insulin

secretion. Therefore, it seems reasonable to conclude that ECs limit

insulin secretion under physiological conditions.

Activated CB1Rs are coupled to Gai class of heterotrimeric G

proteins and can initiate signalling events including closure of Ca2+

channels, opening of K+ channels and inhibition of AC activity (with

its consequent decrease in cytosolic cAMP concentrations), resulting

in inhibition of neurotransmitter release.40 However, the effects of

CB1Rs on insulin release from b cells have not been firmly estab-

lished, and the available data are occasionally inconsistent. We found

that synthetic and endogenous ligands of CB1Rs reduced cAMP

accumulation and insulin secretion in b cells and the CB1R inverse

agonist prevented such effects. Moreover, Ex-4- and forskolin-

mediated intracellular accumulation of cAMP was reduced by CB1R

agonism in CB1R-transfected CHO-GLP-1R cells, but not in vector-

transfected cells that intrinsically lack CB1Rs, further eliminating the

possibility of any non-specific effects of CB1R ligands. This is consis-

tent with recent reports that show decreased intracellular cAMP

levels in isolated islets 16 and MIN6 cells 28 due to ACEA. Taken

together, we conclude that ECs influence insulin secretion in an

autocrine manner by acting as a brake on AC activity.

Islets from CB1R�/� mice displayed increased intra-islet insulin,

in conjunction with insulin gene expression. Additionally, islets in

pancreata from overnight-fasted CB1R�/� mice displayed increased

GCK and GLUT2 expression, compared to those from CB1R+/+ mice.

Moreover, knockout of IR abolished the ability of CB1R to regulate

the expression of insulin, GCK and GLUT2, indicating that CB1Rs

regulate their expression in IR signalling-dependent manner. All of

these factors combined are likely to be responsible for improved

insulin secretion by CB1R antagonism. The molecular basis of the

defective insulin secretion involves defects in the signal transduction

pathways, especially such as insulin receptor signalling pathway, that

are activated by increased glucose in pancreatic b-cells.41-43 b-cell

dysfunction due to defective insulin receptor signalling leads to alter-

ations in mechanisms that are responsible for the production and

secretion of insulin, and this alteration involves a reduction of

GLUT2 and GCK expression.44 bIRKO mice showed defective GSIS,

progressive glucose intolerance, as well as reduction in GCK and

GLUT2 gene expression in the islets of both non-diabetic and dia-

betic bIRKO mice.44 In addition, islets from diabetic Zucker rats

showed impaired GSIS associated with a reduction in the expres-

sions of GLUT2 and GCK,7 and mice with a b-cell–specific deletion

of glucose-sensing machinery revealed severe hyperglycaemia and

F IGURE 4 Effects of CB1R on gene expression depends on
insulin receptor (IR). A, Western blot analysis of IR b-subunit (IRb)
and GAPDH in bIRWT and bIRKO cells. B, Quantitative real-time
PCR analysis of CB1R expression in bIRWT and bIRKO cells. Data
were normalized to 18S ribosomal RNA levels. C, Quantitative real-
time PCR analysis of CB1R, insulin, GCK and GLUT2 expression in
bIRWT and bIRKO cells transfected with control (siCtrl) or CB1R
(siCB1R) siRNA. D, Schematic unifying the regulation of b-cell
function by ECs and CB1Rs. Data are shown as the mean � SEM
from three independent experiments. *P < .05; **P < .01

SHIN ET AL. | 2343



infant death due to impaired GSIS. However, re-expression of

GLUT2 in b cells rescued the mice from infant death and restored

normal GSIS,8,9 showing that altered glucose-sensing machinery of b

cells leads to changes in GSIS. Taken together, it is possible to

hypothesize that blockade of CB1R increases insulin secretion and

improves insulin responsiveness, at least in part, by up-regulation of

insulin, GCK and GLUT2 gene expressions.

EC levels in circulating blood as well as the pancreas are

reported to be elevated in diabetes and obesity,10,12,45,46 but it is

highly unlikely that islet-derived ECs contribute to blood levels as

they degrade within the islets. However, it is possible that increased

EC tone (due to increased EC synthesis, receptor expression or

activity) affects the well-described incretin and glucose unrespon-

siveness of b cells in type 2 diabetes. Additionally, it was recently

found that AEA impaired insulin-stimulated AKT phosphorylation

and decreased glucose uptake in skeletal muscle cells,47 while CB1R

antagonism enhanced insulin responsiveness in skeletal muscle.48

Therefore, CB1R antagonists that have poor brain penetrance (to

lessen CNS side effects) might be useful as therapeutic agents in

type 2 diabetes where they would be expected to improve b-cell

function, improve glucose uptake into muscle and prevent or reduce

hepatic steatosis.

ACKNOWLEDGEMENTS

This work was supported by a Basic Science Research Program

through the National Research Foundation of Korea (NRF) funded

by the Ministry of Science, ICT & Future (2015R1A2A1A15054227

and 2016R1E1A1A01941213) and the Ministry of Education

(2016A040300250 and 2009-0093826). J.M.E was supported by the

Intramural Research Program of the National Institute on Aging

(NIA)/NIH. We are deeply grateful to Dr. J. Pickel, NIMH Transgenic

Core/NIH, for providing the CB1R�/� mice, and the animal facilities

of NIA/NIH for carrying out the genotyping and husbandry.

CONFLICT OF INTEREST

The authors confirm that there are no conflict of interests.

AUTHOR CONTRIBUTIONS

S.H. and J.H.H. designed and performed experiments, analysed the

data, and wrote the manuscript. H.J.S. performed the experiments.

T.J.P. and E.K.L. analysed the data, provided reagents and reviewed

the manuscript. JME designed the experiments, provided reagents,

analysed the data and reviewed the manuscript. WK designed and

performed the experiments and wrote, reviewed and edited the

manuscript.

ORCID

Siyoung Yang http://orcid.org/0000-0002-6374-0140

Wook Kim http://orcid.org/0000-0002-7701-4684

REFERENCES

1. Schuit FC, Huypens P, Heimberg H, Pipeleers DG. Glucose sensing in

pancreatic beta-cells: a model for the study of other glucose-regulated

cells in gut, pancreas, and hypothalamus. Diabetes. 2001;50:1-11.

2. Thorens B. Expression cloning of the pancreatic beta cell receptor

for the gluco-incretin hormone glucagon-like peptide 1. Proc Natl

Acad Sci USA. 1992;89:8641-8645.

3. Holz GG. Epac: A new cAMP-binding protein in support of glucagon-

like peptide-1 receptor-mediated signal transduction in the pancre-

atic beta-cell. Diabetes. 2004;53:5-13.

4. Drucker DJ, Philippe J, Mojsov S, Chick WL, Habener JF. Glucagon-

like peptide I stimulates insulin gene expression and increases cyclic

AMP levels in a rat islet cell line. Proc Natl Acad Sci USA. 1987;84:

3434-3438.

5. Fehmann HC, Habener JF. Insulinotropic hormone glucagon-like pep-

tide-I(7-37) stimulation of proinsulin gene expression and proinsulin

biosynthesis in insulinoma beta TC-1 cells. Endocrinology.

1992;130:159-6.

6. Wang Y, Perfetti R, Greig NH, et al. Glucagon-like peptide-1 can

reverse the age-related decline in glucose tolerance in rats. J Clin

Invest. 1997;99:2883-2889.

7. Johnson JH, Ogawa A, Chen L, et al. Underexpression of beta cell

high Km glucose transporters in noninsulin-dependent diabetes.

Science. 1990;250:546-549.

8. Thorens B, Guillam MT, Beermann F, Burcellin R, Jaquet M. Transgenic

reexpression of GLUT1 or GLUT2 in pancreatic beta cells rescues

GLUT2-null mice from early death and restores normal glucose-

stimulated insulin secretion. J Biol Chem. 2000;275:23751-23758.

9. Postic C, Shiota M, Niswender KD, et al. Dual roles for glucokinase

in glucose homeostasis as determined by liver and pancreatic beta

cell-specific gene knock-outs using Cre recombinase. J Biol Chem.

1999;274:305-315.

10. Matias I, Gonthier MP, Orlando P, et al. Regulation, function, and

dysregulation of endocannabinoids in models of adipose and beta-

pancreatic cells and in obesity and hyperglycemia. J Clin Endocrinol

Metab. 2006;91:3171-3180.

11. Berm�udez-Silva FJ, Su�arez J, Baixeras E, et al. Presence of functional

cannabinoid receptors in human endocrine pancreas. Diabetologia.

2008;51:476-487.

12. Starowicz KM, Cristino L, Matias I, et al. Endocannabinoid dysregula-

tion in the pancreas and adipose tissue of mice fed with a high-fat

diet. Obesity (Silver Spring). 2008;16:553-565.

13. Spoto B, Fezza F, Parlongo G, et al. Human adipose tissue binds and

metabolizes the endocannabinoids anandamide and 2-arachidonoyl-

glycerol. Biochimie. 2006;88:1889-1897.

14. Osei-Hyiaman D, DePetrillo M, Pacher P, et al. Endocannabinoid

activation at hepatic CB1 receptors stimulates fatty acid synthesis

and contributes to diet-induced obesity. J Clin Invest. 2005;115:

1298-1305.

15. Matias I, Di Marzo V. Endocannabinoids and the control of energy

balance. Trends Endocrinol Metab. 2007;18:27-37.

16. Li C, Bowe JE, Jones PM, et al. Expression and function of cannabi-

noid receptors in mouse islets. Islets. 2010;2:293-302.

17. Nogueiras R, Veyrat-Durebex C, Suchanek PM, et al. Peripheral, but

not central, CB1 antagonism provides food intake-independent

metabolic benefits in diet-induced obese rats. Diabetes. 2008;57:

2977-2991.

18. Osei-Hyiaman D, Liu J, Zhou L, et al. Hepatic CB1 receptor is

required for development of diet-induced steatosis, dyslipidemia,

and insulin and leptin resistance in mice. J Clin Invest. 2008;118:

3160-3169.

19. Nogueiras R, Diaz-Arteaga A, Lockie SH, et al. The endocannabinoid

system: role in glucose and energy metabolism. Pharmacol Res. 2009;

60:93-98.

2344 | SHIN ET AL.

http://orcid.org/0000-0002-6374-0140
http://orcid.org/0000-0002-6374-0140
http://orcid.org/0000-0002-6374-0140
http://orcid.org/0000-0002-7701-4684
http://orcid.org/0000-0002-7701-4684
http://orcid.org/0000-0002-7701-4684


20. Kim W, Doyle ME, Liu Z, et al. Cannabinoids inhibit insulin receptor

signaling in pancreatic beta cells. Diabetes. 2011;60:1198-1209.

21. Gonz�alez-Mariscal I, Krzysik-Walker SM, Doyle ME, et al. Human

CB1 Receptor Isoforms, present in Hepatocytes and b-cells, are

Involved in Regulating Metabolism. Sci Rep. 2016;6:33302.

22. Kim W, Lao Q, Shin YK, et al. Cannabinoids induce pancreatic b-cell

death by directly inhibiting insulin receptor activation. Sci Signal

2012;5:ra23.

23. Berm�udez-Silva FJ, Su�arez P�erez J, Nadal A, Rodr�ıguez de Fonseca

F. The role of the pancreatic endocannabinoid system in glucose

metabolism. Best Pract Res Clin Endocrinol Metab. 2009;23:87-102.

24. Nakata M, Yada T. Cannabinoids inhibit insulin secretion and cytoso-

lic Ca2+ oscillation in islet b-cells via CB1 receptors. Regul Pept.

2008;145:49-53.

25. Juan-Pico P, Fuentes E, Berm�udez-Silva FJ, et al. Cannabinoid recep-

tors regulate Ca(2 + ) signals and insulin secretion in pancreatic

beta-cell. Cell Calcium. 2006;39:155-162.

26. Gonz�alez-Mariscal I, Krzysik-Walker SM, Kim W, et al. Blockade of

cannabinoid 1 receptor improves GLP-1R mediated insulin secretion

in mice. Mol Cell Endocrinol. 2016;423:1-10.

27. De Petrocellis L, Marini P, Matias I, et al. Mechanisms for the

coupling of cannabinoid receptors to intracellular calcium mobiliza-

tion in rat insulinoma beta-cells. Exp Cell Res. 2007;313:

2993-3004.

28. Li C, Jones PM, Persaud SJ. Cannabinoid receptors are coupled to

stimulation of insulin secretion from mouse MIN6 beta-cells. Cell

Physiol Biochem. 2010;26:187-196.

29. Glass M, Felder CC. Concurrent stimulation of cannabinoid CB1 and

dopamine D2 receptors augments cAMP accumulation in striatal

neurons: evidence for a Gs linkage to the CB1 receptor. J Neurosci.

1997;17:5327-5333.

30. Abadji V, Lucas-Lenard JM, Chin C, Kendall DA. Involvement of the

carboxyl terminus of the third intracellular loop of the cannabinoid

CB1 receptor in constitutive activation of Gs. J Neurochem.

1999;72:2032-2038.

31. Kearn CS, Blake-Palmer K, Daniel E, Mackie K, Glass M. Concurrent

stimulation of cannabinoid CB1 and dopamine D2 receptors

enhances heterodimer formation: a mechanism for receptor cross-

talk? Mol Pharmacol. 2005;67:1697-1704.

32. Montrose-Rafizadeh C, Yang H, Rodgers BD, et al. High potency

antagonists of the pancreatic glucagon-like peptide-1 receptor. J Biol

Chem. 1997;272:21201-21206.

33. Kulkarni RN, Br€uning JC, Winnay JN, et al. Tissue-specific knockout

of the insulin receptor in pancreatic beta cells creates an insulin

secretory defect similar to that in type 2 diabetes. Cell.

1999;96:329-339.

34. Zimmer A, Zimmer AM, Hohmann AG, et al. Increased mortality,

hypoactivity, and hypoalgesia in cannabinoid CB1 receptor knockout

mice. Proc Natl Acad Sci USA. 1999;96:5780-5785.

35. Perfetti R, Rafizadeh CM, Liotta AS, et al. Age-dependent reduction

in insulin secretion and insulin mRNA in isolated islets from rats. Am

J Physiol. 1995;269:E983-E990.

36. Tharp WG, Lee YH, Maple RL, et al. The cannabinoid CB1 receptor

is expressed in pancreatic delta-cells. Biochem Biophys Res Commun.

2008;372:595-600.

37. Vilches-Flores A, Delgado-Buenrostro NL, Navarrete-V�azquez G,

et al. CB1 cannabinoid receptor expression is regulated by gluc-

ose and feeding in rat pancreatic islets. Regul Pept. 2010;163:

81-87.

38. Bermudez-Silva FJ, Sanchez-Vera I, Su�arez J, et al. Role of cannabi-

noid CB2 receptors in glucose homeostasis in rats. Eur J Pharmacol.

2007;565:207-211.

39. Felder CC, Joyce KE, Briley EM, et al. Comparison of the pharmacol-

ogy and signal transduction of the human cannabinoid CB1 and CB2

receptors. Mol Pharmacol. 1995;48:443-450.

40. Katona I, Freund TF. Endocannabinoid signaling as a synaptic circuit

breaker in neurological disease. Nat Med. 2008;14:923-930.

41. Eizirik DL, Korbutt GS, Hellerstrom C. Prolonged exposure of human

pancreatic islets to high glucose concentration in vitro impairs the

beta-cell function. J Clin Invest. 1992;90:1263-1268.

42. Olson LK, Redmon JB, Towle HC, et al. Chronic exposure of HIT

cells to high glucose concentrations paradoxically decreases insulin

gene transcription and alters binding of insulin gene regulatory pro-

tein. J Clin Invest. 1993;92:514-519.

43. Polonsky KS. The b-cell in diabetes: from molecular genetics to clini-

cal research. Diabetes. 1995;44:705-717.

44. Otani K, Kulkarni RN, Baldwin AC, et al. Reduced beta-cell mass and

altered glucose sensing impair insulin-secretory function in betaIRKO

mice. Am J Physiol Endocrinol Metab. 2004;286:E41-E49.

45. Di Marzo V, Goparaju SK, Wang L, et al. Leptin-regulated endo-

cannabinoids are involved in maintaining food intake. Nature.

2001;410:822-825.

46. Bl€uher M, Engeli S, Kl€oting N, et al. Dysregulation of the peripheral

and adipose tissue endocannabinoid system in human abdominal

obesity. Diabetes. 2006;55:3053-3060.

47. Eckardt K, Sell H, Taube A, et al. Cannabinoid type 1 receptors in

human skeletal muscle cells participate in the negative crosstalk

between fat and muscle. Diabetologia. 2009;52:664-674.

48. Lipina C, Stretton C, Hastings S, et al. Regulation of MAP-kinase-

directed mitogenic and PKB-mediated signalling by cannabinoid

receptor type 1 in skeletal muscle cells. Diabetes. 2010;59:375-385.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Shin H, Han JH, Yoon J, et al.

Blockade of cannabinoid 1 receptor improves glucose

responsiveness in pancreatic beta cells. J Cell Mol Med.

2018;22:2337–2345. https://doi.org/10.1111/jcmm.13523

SHIN ET AL. | 2345

https://doi.org/10.1111/jcmm.13523

