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Abstract

Aims/hypothesis We examined the presence of functional
cannabinoid receptors 1 and 2 (CBI1, CB2) in isolated
human islets, phenotyped the cells producing cannabinoid
receptors and analysed the actions of selective cannabinoid
receptor agonists on insulin, glucagon and somatostatin
secretion in vitro. We also described the localisation on islet
cells of: (1) the endocannabinoid-producing enzymes N-
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acyl-phosphatidyl ethanolamine-hydrolysing phospholipase
D and diacylglycerol lipase; and (2) the endocannabinoid-
degrading enzymes fatty acid amidohydrolase and mono-
acyl glycerol lipase.

Methods Real-time PCR, western blotting and immunocy-
tochemistry were used to analyse the presence of endocanna-
binoid-related proteins and genes. Static secretion experiments
were used to examine the effects of activating CB1 or CB2 on
insulin, glucagon and somatostatin secretion and to measure
changes in 2-arachidonoylglycerol (2-AG) levels within islets.
Analyses were performed in isolated human islets and in
paraffin-embedded sections of human pancreas.

Results Human islets of Langerhans expressed CB/ and
CB2 (also known as CNRI and CNR2) mRNA and CBI1
and CB2 proteins, and also the machinery involved in
synthesis and degradation of 2-AG (the most abundant
endocannabinoid, levels of which were modulated by
glucose). Immunofluorescence revealed that CB1 was
densely located in glucagon-secreting alpha cells and less
so in insulin-secreting beta cells. CB2 was densely present
in somatostatin-secreting delta cells, but absent in alpha and
beta cells. In vitro experiments revealed that CB1 stimula-
tion enhanced insulin and glucagon secretion, while CB2
agonism lowered glucose-dependent insulin secretion,
showing these cannabinoid receptors to be functional.
Conclusions/interpretation Together, these results suggest a
role for endogenous endocannabinoid signalling in regula-
tion of endocrine secretion in the human pancreas.

Keywords Anandamide - 2-Arachidonoylglycerol -
Beta cell - Cannabinoid receptors -

Fatty acid amidohydrolase - Glucagon - Human - Insulin -
Islets of Langerhans - Somatostatin
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Abbreviations

AEA anandamide

ACEA arachidonoyl-2'-chloroethylamide

2-AG 2-arachidonoyl glycerol

AM251 N-(piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-
3-carboxamide

CBI cannabinoid receptor 1

CB2 cannabinoid receptor 2

DAGL diacylglycerol lipase

FAAH fatty acid amidohydrolase

IEQ islet equivalent

JWH 133 3-(1°,1’-dimethylbutyl)-1-deoxy-
A8-tetrahydrocannabinol

MAGL monoacyl glycerol lipase

NAPE-PLD  N-acyl-phosphatidyl ethanolamine-
hydrolysing phospholipase D

Introduction

The endogenous cannabinoids, i.e. the endocannabinoids
anandamide (AEA) and 2-arachidonoyl glycerol (2-AG),
are lipid transmitters that were identified in the brain as
relevant modulators of synaptic transmission [1-4]. They
act through different receptors (cannabinoid receptors 1 and
2 [CB1, CB2]) and are produced through specific enzymes
(diacylglycerol lipase [DAGL] « and (3, for 2-AG and N-
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acyl-phosphatidyl ethanolamine-hydrolysing phospholipase
D [NAPE-PLD] for AEA) and degraded by at least two
different enzymes (fatty acid amidohydrolase [FAAH] and
monoacyl glycerol lipase [MAGL]) [5] (Fig. 1). In addition
to the physiological role of these transmitters in the central
nervous system, recent studies have established their func-
tionality in peripheral organs involved in feeding control,
energy homeostasis and metabolism [6—8]. Endocannabi-
noids counteract satiety signals at both the gastrointestinal
and hypothalamic levels and promote overfeeding, as well
as lipid biosynthesis and storage [7—12].

The endocannabinoids are relevant homeostatic signals
whose dysregulation contributes to obesity and type 2
diabetes [6, 13]. A clinical trial in obese patients treated
with Rimonabant, a CB1 antagonist, resulted in effective
reduction in body weight, waist circumference and insulin
resistance [14, 15]. Additional studies demonstrated that
CBI1 blockade improves insulin resistance, insulinaemia
and glycosylated haemoglobin in obese patients with type 2
diabetes [16]. Since these actions are not totally explained
by the weight loss induced by the anorectic actions derived
from CB1 blockade, the endocannabinoids may also
modulate metabolism in peripheral organs. This hypothesis
has been confirmed in animal models where CB1 were
found to modulate lipid and glucose metabolism in insulin-
sensitive tissues such as the adipose tissue [7] and the liver
[12]. Recent studies extended this notion to the endocrine
pancreas, where the endogenous cannabinoid system has
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Fig. 1 Endogenous cannabinoid signalling system. The two main
endocannabinoids are AEA and 2-AG. They act mainly through CB1
and CB2. The parents acylethanolamides palmitoylethanolamide
(PEA) and oleoylethanolamide (OEA) act through different receptor
systems (the orphan receptor GPR119 and the peroxisome proliferator
activated-receptor alpha [PPAR«]). We examined the presence of
functional CB1 and CB2 in isolated human islets, as well as the
localisation of AEA-producing enzyme NAPE-PLD, AEA-degrading

enzyme FAAH and the enzymes involved in generation (DAGL) and
degradation (MAGL) of 2-AG in sections of human pancreas. AA,
arachidonic acid, DAG, diacylglycerol; ETHN, ethanolamide; MAPK,
mitogen-activated protein kinase; PhChol, phosphatidyl choline;
PhEth, phosphatidyl ethanolamine; PKA, protein kinase A; PLC,
phospholipase C; PLD, phospholipase D; TAG, triacylglycerol, VR1,
vanilloid receptor 1
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recently been identified in mice, rats and the rat insulinoma
beta cell line RIN-m5F [17-20]. Whereas stimulation of
CBI in the rat leads to glucose intolerance, activation of
CB2 improves glucose handling after a glucose load [18,
19]. In mice, CB2 modulate calcium oscillations and insulin
secretion in vitro [17]. These actions are derived from
glucose-induced alterations in endocannabinoid production,
as demonstrated in the pancreatic beta cell line RIN-m5F.
Thus, elevations of glucose concentration in the culture
media are associated with a rise in the levels of both 2-AG
and AEA [20].

To date, no studies have addressed the presence and
functional significance of cannabinoid receptors in human
endocrine pancreas. However, the clear and conclusive
effects of chronic treatment with the CB1 antagonist
Rimonabant on insulin resistance in obese humans, with
or without type 2 diabetes, clearly suggest the presence of
this system in human pancreatic islets [14—16]. In order to
confirm this hypothesis, we examined the presence of
functional CB1 and CB2 in isolated human islets, as well as
the localisation of the machinery for synthesis and
degradation of endocannabinoids in human pancreatic
tissue.

Methods

Human islet isolation Islets were isolated and purified from
human pancreases using the Ricordi method [21, 22]. The
present studies were performed in pancreas from four brain-
dead, heart-beating, non-diabetic, non-obese (mean BMI
28.3£0.7 kg/m?) adult organ donors (mean age 50+
14 years; two women, two men). Cause of death was
stroke for two donors and anoxic encephalopathy for the
other two. All procedures were performed according to
specific legal guidelines and written informed consent was
obtained from each donor’s family; the local ethics
committee of Carlos Haya Hospital approved and super-
vised the experiments.

The pancreas was cut into two parts, cannulated and
perfused with cold (4-8°C) liberase (Liberase-HI; Roche
Molecular Biochemical, Indianapolis, IN, USA). After
perfusion, the pancreas was minced, transferred to the
Ricordi chamber and digestion carried out at 37°C.
Digestion was stopped and the digest diluted with 2 litres
dilution solution (Mediatech Cellgro, Herndon, VA, USA).
The digest was collected and centrifuged for 3 min at
1,000 rpm (225 g) and 4°C. Pellets were washed and
recombined in cold modified University of Wisconsin
solution. The tissue digest was purified on a continuous
ficoll (Biochrom, Berlin, Germany) density gradient, using
the Cobe 2991 cell separator/processor (Gambro, Lake-
wood, CO, USA).
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Table 1 mRNA expression of CB/ and CB2

CBI: B-actin (x10™%)*® CB2: B-actin (x107%)*°

Cerebellum 8.63+1.07 0.0191+0.0010
Islets 2.95+0.81 0.0224+0.0110
Leucocytes 0.0148+0.0001 1.86+0.56

Islet data are mean+SD from three different donors. Data from human
cerebellum and leucocytes are mean+SD from triplicate measurement
of commercially available total RNA reference samples.

#Real-time PCR quantification of CBI and CB2 cDNA using specific
primers: a comparative analysis of the expression of both cannabinoid
receptors in human islets was done using total RNA reference samples
from human cerebellum and leucocyte commercial standards

 CBI expression is about 100-fold higher than that of CB2 in human
islets and threefold less than in CB1-enriched tissue, the cerebellum

The fraction containing the purified islet mass was
analysed and the purity of the preparation assessed with
dithizone. The preparations used in this study had more
than 80% purity. Fresh aliquots of 1,000 islet equivalents
(IEQs) were snap-frozen for subsequent mRNA quantifica-
tion and western blotting analysis. The remaining purified
islets were cultured at 30,000 IEQs per 75 cm” non-treated
flask (Nunc, Wiesbaden, Germany) in a final volume of

Fig. 2 Double immunofluorescence of cannabinoid receptors and p>
insulin, glucagon and somatostatin. Representative photomicrographs
of sections through a human pancreas showing the same area
immunolabelled for both CB1 and CB2 (red), and for insulin,
glucagon and somatostatin (green), with merged images in (yellow).
a Immunostaining of cells in a pancreatic islet with an antiserum
against CB1. Note that most of these cells have a typical morphology
of alpha cells (arrowheads), with small diameter and big nucleus.
b Islet cells stained in green are insulin-containing beta cells.
¢ Colocalisation of insulin and CB1. Note that most CB1-containing
cells do not produce insulin, so they are non-3 cells (arrowheads).
However, some cells have co-production of insulin and CB1 (arrows).
d Immunostaining of pancreatic cells with an antiserum against CB2.
Exocrine tissue has high CB2 production, but only scattered cells in
islets are CB2-positive (arrowheads). e Islet cells stained in green are
insulin-containing beta cells. f Merged image (d) and (e). CB2-
producing cells in the pancreatic islets do not show insulin immu-
noreactivity. g Immunostaining of cells in a pancreatic islet with an
antiserum against CB1. h Islet cells stained in green are glucagon-
containing alpha cells. i Double staining with glucagon and CBI.
Nearly all alpha cells produce CB1 (yellow). j Immunostaining of
pancreatic cells with an antiserum against CB2. k Islet cells stained in
green are glucagon-containing alpha cells. 1 Merged image of (j) and
(k) clearly showing that CB2-containing cells in the pancreatic islet
are not alpha cells. m Immunostaining of cells in a pancreatic islet
with an antiserum against CB1. n Islet cells stained in green are
scattered cells containing somatostatin. 0 Double staining with
somatostatin and CB1. Nearly all delta cells are immunonegative for
CBI1. p Immunostaining of pancreatic cells with an antiserum against
CB2. q Islet cells stained in green are somatostatin-containing delta
cells, some with a high intensity. r Merged images of (p) and (q)
clearly show that delta cells preferentially produce CB2. Scale, as
indicated
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30 ml CMRL-1066 medium (Mediatech Cellgro) supple-
mented with 10% FCS (v/v), 100 IU/ml penicillin, 100 pg/
ml streptomycin, 2.8 pg/ml amphotericin and 2 mmol/l
L-glutamine; this was done for 3 to 5 days at 37°C, 95%
relative humidity and 5% CO,. Culture medium was
replaced every 2 days. After 3 to 5 days of culture the
preparations were checked for viability by Trypan Blue
exclusion test and found to contain <5% damaged cells.

Immunohistochemistry in human pancreas samples Immu-
nohistochemical and immunofluorescence studies were
performed in human pancreatic tissue obtained from the
Pathology Department tissue bank at Carlos Haya Hospital.
Biopsy samples were taken from four different non-
diabetic, non-obese (mean BMI 27.5+1.5 kg/m?) adult
patients (mean age 68+9 years; three women, one man)
with pancreatic adenocarcinoma (non-endocrine tumour).
All procedures were performed according to specific legal
guidelines and written informed consent were obtained
from patients; the local ethics committee of Carlos Haya
Hospital approved and supervised the experiments. See
additional information in Electronic supplementary material
(ESM).

NAPE-PLD-, DAGLa- and DAGL-specific antibody gen-
eration Polyclonal rabbit antibodies were generated against
cannabinoid machinery proteins as described in ESM.
Immunising peptides were: (1) a 13-amino acid peptide
comprising part of both the C-terminal and the N-terminal
region of NAPE-PLD (MDENSCDKAFEET); (2) a 16-
amino acid peptide from the C-terminal region of DAGL«x
(CGASPTKQDDLVISAR); and (3) a 16-amino acid pep-
tide from an internal sequence of DAGL( (SSDSPLD
SPTKYPTLC). Extensive validation studies of these anti-
bodies as immunocytochemistry markers were performed in
brain samples (ESM Fig. 1).

Double immunofluorescence and immunohistochemistry
Paraffin-embedded sections of human pancreases were
analysed for the presence of CB1, CB2 and FAAH in alpha
(glucagon), beta (insulin) and delta (somatostatin) pancre-
atic islet cells by double immunofluorescence. Sections
were incubated overnight at room temperature with mouse
anti-insulin (dilution 1:200; Sigma-Aldrich Quimica S.A.,
Madrid, Spain), anti-glucagon (1:200; Sigma) or anti-
somatostatin (1:200; Genetex, San Antonio, TX, USA)
antibody and a rabbit anti-CB1 (dilution 1:100; ABR—
Affinity Bioreagents, Golden, CO, USA), anti-CB2 (1:100;
ABR) or anti-FAAH (1:50; Cayman Chemical, Ann Arbor,
MI, USA) antibody. After extensive washes in PBS, the
sections were incubated for 2 h at room temperature in a
secondary anti-mouse IgG-FITC antibody (dilution 1:200;
Sigma) and a secondary anti-rabbit IgG—-Cy3 antibody
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(1:300; Jackson Immunoresearch Laboratories, West Grove,
PA, USA). Finally, the sections were washed in PBS and
analysed under epifluorescence microscopy (Olympus
Europa, Hamburg, Germany). Additional immunohisto-
chemistry studies were done to determine the levels of
NAPE-PLD, DAGL«, DAGLf3, FAAH, MAGL, insulin
and chromogranin A. In all cases, the specificity of the
immunostaining was confirmed by omission of the first
antibody or the use of preadsorption of primary antibodies
with the immunising peptide. Digital photographs were
taken with an Olympus BX41 microscope (Olympus).

Real-time quantitative PCR Real-time quantitative PCR
was used to measure CB/ (also known as CNR), CB2 (also
known as CNR2) and NAPE-PLD mRNA expression
according to Hansson et al. [23]. Briefly, total RNA was
isolated from snap-frozen pellets containing 1,000 IEQs
from three different donors by using Trizol reagent (Gibco
BRL Life Technologies, Baltimore, MD, USA). All RNA
samples had A260:280 ratios of 1.8 to 2.0. Total RNA from
each sample and random hexamers were used to generate
first strand cDNA using transcriptor reverse transcriptase
(Roche Applied Science, Indianapolis, IN, USA). Negative
controls included reverse transcription reactions omitting
reverse transcriptase. The cDNA obtained was used as the
template for real-time quantitative PCR with an iCycler
system (Bio-Rad, Hercules, CA, USA) using the Quanti-
Tect SYBR Green PCR kit (Qiagen, Hilden, Germany). A
comparative analysis of the expression of both cannabinoid
receptors in human islets was made using reference total
RNA samples from commercial standards of both human
cerebellum and human leucocytes (BD Biosciences, Palo
Alto, CA, USA). Primers for PCR reactions and annealing
temperatures are shown in the ESM. Quantification was
carried out with a standard curve run at the same time as the
samples with each reaction run in duplicate. Absolute values
from each sample were normalised with regard to beta actin.

Western blot analysis Frozen cell pellets from human
pancreatic islets (1,000 IEQs) were suspended in 50 ul
SDS sample buffer containing dithiothreitol and heat-
denatured for 5 min at 95°C. For immunoblotting, equal
amounts of protein from lysates (10 pl per lane) were
subjected to 7.5% (w/v) SDS-PAGE and homogeneous
transfer to nitrocellulose membranes controlled by Ponceau
red staining. Blots were preincubated for 1 h at room
temperature with PBS containing 0.1% (v/v) Tween 20 and
2% (w/v) albumin fraction V from bovine serum (blocking
buffer). For protein detection, each blotted membrane lane
was incubated separately with the specific CB1 (1:250; ABR),
CB2 (1:250; ABR), FAAH (1:100; Cayman), MAGL (1:500;
kindly donated by D. Piomelli, Department of Pharmacology,
University of California, Irvine, CA, USA), DAGL«x (1:100),
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DAGLf (1:100) and NAPE-PLD (1:75) antibodies from
rabbit, diluted in PBS containing 0.1% (v/v) Tween 20 and
2% (w/v) albumin fraction V from bovine serum. This was
done overnight at room temperature. The specific protein
bands were visualised using the enhanced chemilumines-
cence technique (Amersham International, Amersham, UK)
and an imaging system (Auto-Biochem; LTF Labortechnik,
Wasserburg/Bodensee, Germany). Western blots showed that
each primary antibody detected a protein of the expected
molecular size. As additional controls, blotted membrane
lanes were incubated with the primary antibody preadsorbed
with the corresponding immunising peptide.

Static secretion of insulin, glucagon and somatostatin in
isolated islets After 5 days in vitro, total IEQs and acinar
contamination were determined by staining with dithizone.
Viability was checked by Trypan Blue exclusion. Less than
5% of cells within each islet were non-viable and no acinar
tissue was adhered. Human cultured islets were then
washed with Hanks’ solution and suspended in a serum-
free medium. Groups of 50 IEQs were plated on sterile 24-
well plates (Nunc) with 1 ml medium containing (mmol/l):
115 NaCl, 10 NaHCO3;, 5 KCI, 1.1 MgCl,, 1.2 NaH,POy,,
2.5 CaCl, and 25 HEPES; plus 1% albumin and either
3 mmol/l or 11 mmol/l glucose. Additionally, one of the
following drugs was added to the medium (Tocris Biosci-
ence, Bristol, UK): 2-AG (107> to 10°® mol/l); AEA (10°®
to 10”7 mol/l); arachidonyl-2’-chloroethylamide (ACEA), a
specific CB1 activator [24] (1077 to 10~ mol/l); 3-(1",1'-
dimethylbutyl)-1-deoxy-A®-tetrahydrocannabinol (JWH
133), a specific CB2 activator [25] (10710 mol/l); or
N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-1H-pyrazole-3-carboxamide (AM251), a selective
CBI antagonist [26] (10”7 mol/l). Concentrations of canna-
binoid receptor agonists and antagonists were selected
according to the reported K; value of each compound. Each
experimental condition was assayed in quadruplicate and
islets isolated from four different donors were employed.
The islets were incubated at 37°C and 5% CO, for 1 h, after
which the medium containing the islets was collected in
1.5 ml tubes with 520 kIU aprotinin and centrifuged for
5 min at 1,000xg and 4°C. The supernatant fractions were
divided into aliquots and stored at —80°C for further quanti-
fication of insulin, glucagon and somatostatin by means of
specific commercial radioimmunoassays or enzyme immu-
noassay kits. The cellular pellets were frozen at —80°C to
measure total protein amount (see ESM). Secretion of
insulin, glucagon and somatostatin from each well was
normalised with the protein content of their 50 IEQs.

Analysis of islet 2-AG levels Because the immunohisto-
chemical analysis revealed that the islets contained the
machinery for synthesis and degradation of 2-AG but not

AEA, we measured intracellular levels of 2-AG in islets
incubated either in low (3 mmol/l) or high (11 mmol/l)
glucose concentrations. Seven-hundred IEQs per well were
incubated and 1 h after incubation islets were centrifuged and
assayed in triplicate for 2-AG content using quantitative GC-
MS in a TRACE GC/MS 2000 system with electron impact
ionisation detector (Finnigan, San Jose, CA, USA; see ESM).

Statistical analysis Results are expressed as the mean=
SEM. The significance of differences between the groups
was evaluated by either Student’s ¢ test (two-tailed, paired
groups) or one-way ANOVA followed by Newman—Keuls
test as post hoc (multiple group comparison). A p value of
<0.05 was considered significant.

Results

Human islets express CBI1 and CB2 mRNA CBI and CB2
mRNAs are present in fresh isolated islets. Table 1 shows that
CB1 expression was almost 100-fold higher than that of CB2
in human islets and threefold lower than that of a CBI-
enriched tissue, the cerebellum. CB2 expression was 80-fold
lower than a CB2-enriched tissue, the leucocytes. Despite the
presence of exocrine tissue on the islet pellets used for
mRNA isolation, immunoreactivity to CB2 antibody within
the islets supports the expression of CB2 mRNA in
endocrine tissue in a specific small population of cells.

Double immunofluorescence revealed the cell subtype
containing both CB1 and CB2 in human islets Cannabinoid
receptors had a specific distribution pattern in human islet
cells. Figure 2a—f depicts the double immunofluorescence of
cannabinoid receptors and insulin. Only a small portion of
beta cells produced CBI1 (Fig. 2¢), the majority of CBI1-
positive cells being insulin-negative. Exocrine tissue did not
produced CB1 (ESM Fig. 2a—). The few CB2-positive cells
in islets were insulin-negative (Fig. 2d—f). Clear CB2 immu-
nostaining was present in exocrine tissue (ESM Fig. 2d).
Figure 2g-1 shows the level of cannabinoid receptor proteins
in human alpha cells. Immunostaining patterns of both CB1
and glucagon were nearly identical, suggesting that all alpha
cells produce CB1 (Fig. 2g-i). In contrast, none of the
glucagon-positive cells detected colocalised with CB2,
indicating null production of CB2 in alpha cells (Fig. 2j-1).
Finally, double immunofluorescence with anti-somatostatin
and anti-cannabinoid receptors showed that virtually all delta
cells produce CB2 (Fig. 2p—r), whereas CB1 immunostain-
ing was nearly absent in this cell subtype (Fig. 2m—o).

CB1 and CB2 as well as the enzymes for synthesis and

degradation of endocannabinoids were detected by Western
blot analysis in human islets Human islet homogenates
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Fig. 3 Western blot analysis of CB1, CB2, NAPE-PLD, DAGL«,
DAGLJ, FAAH and MAGL. Whole cell lysate was prepared from
1,000 IEQs, solubilised in SDS—dithiothreitol sample buffer, separated
in 7.5% (w/v) polyacrylamide gel, transferred to nitrocellulose and
examined by enhanced chemiluminescence analysis for the presence
of cannabinoid receptors and the synthesising and degrading enzymes.
Molecular mass (MM) markers are shown on the left in kDa). As
shown a, a strong immunoreactive band at ~43 kDa and a less intense
band at ~60 kDa were observed for CB1 protein (lane 1), consistent
with glycosylated and non-glycosylated CB1 protein described in
previous studies [29-32]. Anti-CB2 antibody was reactive for three
bands of approximately ~45, ~70 and ~60 kDa (lane 9) that probably
reflect glycosylated forms, as previously described [32—34]. Immuno-

were analysed by immunoblotting to detect the cannabinoid
receptors, FAAH, MAGL, DAGLx, DAGL3 and NAPE-
PLD (Fig. 3). The image shows a representative immunoblot
of pancreatic islet lysates from three different preparations.
The main bands correspond to the expected protein
molecular masses [27-34], although additional bands
corresponding to posttranslational modifications were
detected (details, Fig. 3). Omission of the first antibodies
or incubation of the primary antibodies pre-adsorbed with
the corresponding immunising peptides abolished the
described bands (Fig. 3a,b). Exocrine contamination (up to
20%) could be responsible for part of the CB2 and MAGL
immunoblot reactivity. However, both immunohistochemis-
try and immunofluorescence supported the existence of
CB2 and MAGL protein within islets.

High glucose increases 2-AG content within islets Figure
4a shows the insulin response of islet preparations cultured
under either 3 (low) or 11 (high) mmol/l glucose. Figure 4b
shows 2-AG content within those islets cultured under
different glucose concentrations. As reported in insulinoma
cells [20], a rise in glucose concentration increased both
insulin secretion and 2-AG levels (Fig. 4a,b). A drop in
glucose concentration reduced 2-AG to below the threshold
of detection. Levels of 2-AG detected were: 11 mmol/l
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blots for NAPE-PLD revealed no staining (lane 7); however, a main
band with a molecular mass of ~62 kDa could be seen in acinar
homogenates (data not shown). DAGLx and DAGL[3 immunoblots
showed unique bands of ~120 and ~70 kDa respectively (lanes 3 and
5), identical to those observed previously by Bisogno and collabo-
rators [24]. A major band of ~37 kDa for MAGL protein (lane 11)
[35] and ~ 63 kDa for FAAH protein (lane 13) [36] were detected.
Omission of the first antibodies or incubation of the primary
antibodies preadsorbed with the corresponding immunising peptides
abolished the described bands in lanes 2, 4, 6, 8, 10, 12 (a) and lane
14 (b). The image shows a representative immunoblot of pancreatic
islet lysates from three different preparations

glucose-containing wells, 8.714+0.11 pmol 2-AG/mg pro-
tein; 3 mmol/l glucose-containing wells, less than 5.49 pmol
2-AG/mg protein; n=2 different experiments, each mea-
sured in triplicate.

In vitro stimulation of CB1 and CB2 modifies insulin, glucagon
and somatostatin secretion Figure 4c shows how stimulation
of CB1 with both selective (ACEA) and natural (AEA and
2-AG) CB1 agonists increased insulin release from islets
cultured under high glucose concentrations. This effect was
also observed at low glucose concentrations (3 mmol/l) and
was antagonised by the selective CB1 antagonist AM251
[26] (Fig. 4d). CB2 stimulation with the selective agonist JWH
133 lowered glucose-dependent insulin release (Fig. 4c), an
effect mediated by CB2, since it was found to be antagonised
by the selective CB2 antagonist AM630 (data not shown).

CB1 agonism also resulted in stimulation of glucagon
secretion (Fig. 5a,b). Both 2-AG and ACEA, but not the
CB2 agonist JWH 133, stimulated glucagon release under
low glucose culture conditions. The stimulatory effects of
ACEA on glucagon secretion were dependent on CBI
stimulation since it was counteracted by incubation with the
specific CB1 antagonist AM251 [26] (Fig. 5b).

Regarding somatostatin secretion, we were unable under
our experimental conditions to find any specific effect of the
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CB2 agonist JWH 133 in islets cultured at 11 mmol/l glucose
(Fig. 5d). However, delta cells from islets incubated at
3 mmol/l glucose responded to the CB1 agonist ACEA with
a potent release of somatostatin (Fig. 5¢). Because CBI1 are
not located in somatostatin cells, the effects of this CB1
agonist on somatostatin are probably derived from the
potent stimulation of glucagon and insulin secretion.

The molecular machinery needed to release and process 2-
AG signalling is present in islets Figure 6 shows the

« Fig. 4 Effects of CB1 or CB2 agonists on static insulin secretion:

functionality of cannabinoid receptors in human islets. Hormone
release was investigated by measuring static secretion after addition of
either vehicle (VEH), the endocannabinoids 2-AG/AEA or the specific
CB1 and CB2 agonists ACEA and JWH-133 (respectively) to human
isolated islets kept in vitro for 5 days. a Human islets actively secreted
insulin when exposed to a high glucose culture medium (11 mmol/l
glucose), as compared with basal release at low glucose (3 mmol/l)
concentration in the culture medium. b While 2-AG levels in the islets
were not detectable (ND) under low glucose culture conditions,
elevation of glucose concentration to 11 mmol/l increased 2-AG
contents. ¢ CB1 agonist ACEA, AEA and 2-AG promoted insulin
secretion in a medium that enhances beta cell insulin secretion
(supplemented with 11 mmol/l glucose). Under the same conditions,
CB2 activation by JWH-133 significantly decreased insulin release.
d The effect of CB1 agonists on insulin secretion was also observed in
low glucose medium (3 mmol/l) where insulin was only released at
basal levels. This effect was specific since it was reversed by the CB1
antagonist AM251. Data are means+SEM of at least three independent
replications each measured in quadruplicate. *»<0.05 vs control group;
Tp<0.05 vs ACEA (one way ANOVA with Newman—Keuls as post hoc)

presence of the biosynthetic enzymes NAPE-PLD and
DAGL«x and the endocannabinoid-degrading enzymes
FAAH and MAGL in human islets. Figure 6a shows the
location of Langerhans islets stained with Cromogranin A.
An adjacent slide stained with anti-FAAH antibody shows
the expression of this enzyme in islets but its absence in
acinar tissue (Fig. 6b). MAGL, the other degrading enzyme,
was also produced in acinar tissue, although with less
intensity than in islets (Fig. 6c¢). Additional double
immunohistochemistry studies localised FAAH enzyme in
beta cells but not in alpha cells secreting glucagon (ESM
Fig. 3). NAPE-PLD immunoreactivity (Fig. 6d) was almost
absent in islets, whereas it was dense in acinar surrounding
tissue. We confirmed this by using a different antibody
(ESM Fig. 4) and real-time quantitative PCR, which showed
very low expression of NAPE-PLD mRNA in isolated
pancreatic islets, probably reflecting acinar contamination.
The enzymes for the synthesis of 2-AG, DAGL« and
DAGLA (Fig. 6e.f, respectively) displayed an inverted
localisation to NAPE-PLD, being highly produced in islet
cells and scarce in acinar tissue. The insert (Fig. 6e) shows a
heterogeneous pattern of distribution of DAGL: some cells
within the islet were strongly stained, whereas the remaining
lacked immunoreactivity. By contrast, DAGLf3 staining was
more homogeneous (insert, Fig. 6f), suggesting that the
majority of islet cells express this enzyme to a similar
degree. These data suggest that, in the pancreatic islet, the
main transmitter is 2-AG, since the machinery for biosyn-
thesis and degradation of this endocannabinoid is present,
whereas that of AEA is incomplete. However, since FAAH,
the main AEA-degrading enzyme, was densely present in the
islet cells secreting insulin, we cannot exclude that extra islet
AEA may reach the endocrine cells at sufficient concen-
trations to produce relevant effects on insulin secretion [35].
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Fig. 5 Effects of CB1 or CB2
agonists on static glucagon and
somatostatin secretion. Hor-
mone release was investigated
by measuring static secretion
after addition of either vehicle
(VEH), the endocannabinoids
2-AG or the specific CB1 and
CB2 agonists ACEA and JWH-
133 (respectively) to human
isolated islets kept in vitro for
5 days. a Glucagon secretion
was dramatically enhanced by
CB1 agonists in a glucagon-
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activating culture medium (low
glucose, 3 mmol/l), whereas
specific CB2 activation had no
effect. b The effects of ACEA
on glucagon secretion

(3 mmol/l glucose) was also
blocked by the specific CB1
antagonist AM251. ¢ Addition
of a CB1 agonist to the culture
media resulted in a clear stimu-
lation of somatostatin secretion
from islets cultured in

3 mmol/l glucose. d CB2 activa-
tion did not affect somatostatin
secretion in 11 mmol/l glucose.
Data are means+SEM of at least
three independent replications
each measured in quadruplicate.
*p<0.05 vs vehicle; 1p<0.05 vs
ACEA (one-way ANOVA with
Newman—Keuls as post hoc)
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Discussion

Four major contributions result from this study. First, CB1
and CB2 are present in human islet cells with a specific
distribution. While CB1 are in both alpha and beta cells,
CB2 are located in somatostatin-secreting delta cells. In
humans, CB2 levels are much lower than CBI1 levels
throughout the endocrine pancreas. This finding supports
the existence of species-specific differences in the distribu-
tion of cannabinoid receptors: while mice and rats produced
functional CB2 in beta cells, humans do not [17, 19]. This
may be relevant for future analysis of cannabinoid receptor-
dependent actions on islet physiology. Second, while the
net effects of CB1 agonists on islet secretion are stimula-
tory, actions of CB2 agonists are inhibitory, in agreement
with previous studies in rat and mice cells [17, 20]. CBI
stimulation enhances insulin secretion (both at low and high
glucose concentrations). On the other hand, CB2 stimula-
tion reduces insulin secretion, an effect apparently not
mediated by somatostatin secretion. Third, at low glucose
concentrations, CB1 agonists stimulate glucagon secretion
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from alpha cells and somatostatin from delta cells. Alpha
cells are extremely sensitive to CB1 agonists, since they
respond in the nanomolar range. However, the effects of
CBI1 stimulation on somatostatin secretion are not direct,
since delta cells do not produced CBI1. This effect is
probably mediated through glucagon-dependent somato-
statin release, as a negative feedback mechanism, by which
tight control of glucagon secretion would be achieved.
Finally, analysis of the machinery for biosynthesis and
degradation established that in the human pancreatic islet
the endocannabinoid synthesised is 2-AG. We deduced this
from the fact that both isoforms of DAGL, the enzymes that
produce 2-AG, were found. The second endocannabinoid,
AEA, seems to be produced outside the islets, as we were
unable to detect the presence of NAPE-PLD, the main
enzyme producing AEA. However, AEA seems to be active
in islets because it was found to modulate insulin secretion.
Moreover, the islets abundantly produce FAAH, the main
AEA-degrading enzyme (ESM Fig. 3). One possibility is
that AEA may be transported to the endocrine pancreas by
the blood [35]. According to studies in humans and rodents,
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Fig. 6 Protein levels by immunohistochemistry of molecular machin-
ery for the synthesis and degradation of endocannabinoids. Represen-
tative photomicrographs of adjacent sections through a human
pancreas showing a chromogranin A, b FAAH, ¢ MAGL, d NAPE-
PLD, e DAGL«x and f DAGLf indirect immunoperoxidase staining.
a General view of a pancreatic area showing numerous islets immunola-
belled for chromogranin A. The insert shows a high magnification of
a pancreatic islet. b General view of FAAH immunostaining in an
adjacent pancreatic area showing numerous islets strongly stained in
contrast with acinar tissue. The insert shows immunostaining consisting
of a subpopulation of highly stained cells and others with lower

elevated circulating levels of AEA result in hyperglycae-
mia, insulin resistance and elevated insulin levels through
its multiple actions in the pancreatic islets, the adipose
tissue and the liver [13, 18, 19, 36 and present results].
Overall, the present study suggests that intra-islet 2-AG
production may serve as a local modulator of insulin and
glucagon secretion in cells producing CB1 and CB2. 2-AG
may be degraded in the islet, since we found relevant
production of MAGL enzyme. This hypothesis is supported
by the finding of 2-AG in the islets and by the relevant
modulation that glucose concentration exerted on its
intracellular levels. Our observation is in agreement with a
previous report in rat insulinoma cells [20] and correlates
with the 2-AG-dependent insulin secretion found in islets
cultured under high glucose concentrations. Disappearance

ijl‘_..;

S0 pm

I\.:__-!b" .:}L.'. '. - _-‘ .\_;: — . —T..": b T 3
labelling. ¢ General view of a pancreatic area showing islets
immunopositive for MAGL and a less intense staining in acinar
tissue. The insert shows a similar staining pattern to that for FAAH.
d Immunostaining for NAPE-PLD. A lack of immunoreactivity in the
pancreatic islets can be seen, but NAPE-PLD levels in the exocrine
tissue are high. ET, exocrine tissue; PI, pancreatic islet. e DAGLx
immunostaining in a pancreatic islet. Some cells within the islet are
strongly stained, whereas the remainder lack immunoreactivity.
f DAGL immunoreactivity in a pancreatic islet. The insert shows
more homogeneous staining than for DAGL-«x, suggesting that the
majority of islet cells produce DAGLf3

of 2-AG from islets under low glucose concentrations can
be interpreted as a removal of a stimulatory signal needed
for insulin secretion. Stimulation of CBI under this low
glucose condition is able to promote insulin release, but this
response is associated with a potent counter-regulatory
glucagon secretion.

The effects on insulin and glucagon secretion that were
observed after CB1 stimulation are both stimulatory,
indicating a desynchronisation of both types of cells. One
potential explanation is the pleiotropic actions of AEA in
the endocrine pancreas, as described in rodent islet cells
[17]. In these cells almost one third of the beta cells
stimulated with AEA showed opposite patterns of calcium
oscillation coupled to insulin secretion, indicating multiple
mechanisms of action ([17]; A. Nadal and P. Juan-Pico,
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unpublished results). Additional mechanisms may be the
interference induced by AEA on GAP junctions [37]
involved in electrical beta cell coupling [38]. However,
the fact that the selective blockade of CB1 with AM251
attenuated the stimulation of both insulin and glucagon
secretion supports a more relevant contribution of the CB1.

Finally, we found that CB2 are located in somatostatin-
secreting cells. Since this peptide is a potent intra-islet
modulator of insulin and glucagon secretion [39], it is
feasible to expect somatostatin-dependent responses to
cannabinoid receptor agonists. Under our experimental
conditions, CB2 activation did not change somatostatin
secretion in 11 mmol/l glucose, suggesting that CB2-
dependent inhibition of insulin secretion is not related to
CB2-induced somatostatin release. Further research is
needed to clarify the role of this receptor in delta cells.

After consideration of all the findings in this study and
placing them within the context of endocannabinoid physi-
ology, we propose a major role for CB1 and 2-AG in the
regulation of islet physiology and energy homeostasis. CB1
stimulation was able to increase insulin and glucagon
secretion, as well as lipogenesis in liver and adipose tissue,
while it blocked the incorporation of glucose into the muscle
cells, leading to a ‘saving cycle’: reduced energy expenditure
and increased energy storage [6, 7, 12, 13]. Enhanced insulin
release may help to facilitate the incorporation of glucose
into adipocytes, while enhanced glucagon release may
sustain high plasma glucose levels, favouring this ‘saving
cycle’. Under this hypothesis, CB1 can be considered a new
‘thrifty gene’. Its physiological and pharmacological profile
is strikingly similar to that of the p-opioid receptor, a
recently proposed contributor to the ‘saving cycle’ [40] and
a major partner of CB1 signalling in the brain [41]. In light
of this potential role, and supported by clinical trials using
the CB1 antagonist, the endocannabinoid system can be
considered a promising target for pharmacological develop-
ment in diabetes and complicated obesity.
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