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Abstract

Aims G-protein-coupled receptor 39 (GPR39) has been
implicated in glucose homoeostasis, appetite control and
gastrointestinal tract function.

Methods This study used clonal BRIN-BDI11 cells and
mouse pancreatic islets to assess the insulin-releasing
actions of trace metals believed to act via GPR39, and the
second messenger pathways involved in mediating their
effects. Micromolar concentrations of Zn2+, Cu”, NiZt
and Co’" were examined under normoglycaemic and
hyperglycaemic conditions. Mechanistic studies investi-
gated changes of intracellular Ca®>", cAMP generation and
assessment of cytotoxicity by LDH release. Cellular
localisation of GPR39 was determined by double
immunohistochemical staining.

Results All trace metals (7.8-500 pmol/l) stimulated
insulin release with Cu®" being the most potent in isolated
islets, with an ECsq value of 87 pmol/l. Zn>" was the most
selective with an ECsq value of 125 umol/l. Enhancement
of insulin secretion was also observed with Ni*"
(179 pmol/1) and Co** (190 pmol/l). These insulin-re-
leasing effects were confirmed using clonal BRIN-BD11
cells which exhibited enhanced intracellular Ca®"
(» < 0.05-p < 0.001) and cAMP generation (p < 0.05—
p < 0.001) in response to trace metals. Oral administration
of Zn**, Ni** and Cu*" (50 pmol/kg together with
18 mmol/kg glucose) decreased the glycaemic excursion
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(» <0.05-p < 0.01) and augmented insulin secretion
(» < 0.05—p < 0.01) in NIH Swiss mice.

Conclusions This study has demonstrated the presence of
GPR39 and the insulinotropic actions of trace metals on
BRIN-BD11 cells and pancreatic beta cells, together with
their antihyperglycaemic actions in vivo. These data sug-
gest that development of agonists capable of specifically
activating GPR39 may be a useful new therapeutic

approach for diabetes management.
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Introduction

G-protein-coupled receptor 39 (GPR39) is a member of the
ghrelin receptor family comprising of the ghrelin receptor,
neurotensin receptors and motilin receptor that are acti-
vated by peptide hormones and neuropeptides [1]. GPR39
is constitutively active and an increase in GPR39 expres-
sion will increase intracellular signalling, without any
agonist present [2]. Two isoforms of GPR39 exist, GPR39-
la is the full length active receptor, while GPR39-1b is the
truncated form which is biologically inactive [3].

The human GPR39 is a single copy gene mapped to
chromosome 2 at q21-q22, encoding the 453 amino acid
GPR39 protein expressed in the pancreas, kidney, liver,
adipose tissue, central nervous system and gastrointestinal
tract [4-6]. A previous study identified GPR39 co-expres-
sion with insulin producing beta cells in pancreatic islets
and in duct cells of the exocrine pancreas [7]. Interestingly,
expression of GPR39 has been identified in human adipose
tissue with decreased mRNA levels in obese and diabetic
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individuals [5]. Additionally, GPR39 expression was neg-
atively correlated with blood glucose concentrations in
obese type 2 diabetics, suggesting that GPR39 may have a
role in insulin secretion [5]. Indeed, GPR39 has been
implicated recently in glucose homoeostasis, control of
appetite and gastrointestinal tract function with signalling
to Gog pathway with activation of phospholipase C and to
G, with activation of adenylate cyclase and Ga 15/13 [6, 8].

Obestatin a 23 amino acid peptide was previously found
to activate GPR39 which suppresses appetite, decreases
weight gain and delays gastric emptying [9]. However,
several studies have been unable to reproduce the finding
that obestatin controls food intake and activates GPR39
[10-12]. Interestingly, extracellular zinc ions at micromo-
lar concentrations stimulate GPR39 and this is of particular
note in pancreatic islets where Zn>" is stored and co-se-
creted in large amounts with insulin [13, 14]. In the
endocrine pancreas, Zn>" has a role in insulin packaging,
secretion and signalling and also regulates glucagon
secretion from adjacent pancreatic o-cells [15]. Zn**
activation of GPR39 in the islets may have both autocrine
and paracrine effects [16]. In cells overexpressing GPR39,
Zn*" has been shown to activate signal pathways including
cAMP generation and elevation of intracellular Ca** [16].
A previous report found that metal ions including Zn>"
also have the ability to activate melanocortin-1 and mela-
nocortin-4 receptors, indicating that zinc ions may not be
fully selective for GPR39 [17]. Interestingly, in vivo
overexpression of GPR39 in mice revealed a protective
role against streptozotocin-induced beta cell failure [6] and
treatment of mice with zinc sulphate in drinking water
prevented multiple low-dose streptozotocin-induced dia-
betes [18]. Zinc deficiency in rats resulted in decreased
insulin secretion and insulin resistance [19], whereas
chronic zinc supplementation in ob/ob mice decreased
hyperglycaemia which may be due to enhanced insulin
action [20].

The effect of GPR39-deficiency in mice demonstrates
the importance of this receptor in the endocrine pancreas,
resulting in impaired glucose-stimulated insulin release,
while islet architecture including beta cell mass remained
normal [1, 7, 21]. Additionally, adult GPR39 knockout
mice displayed increased body weight, body fat and
alterations in both metabolic and gastrointestinal function
when compared to wild-type mice [22]. Recent studies
have established a link between diabetes, glucose intoler-
ance and impaired cognition [23, 24]. A role for GPR39 in
the hippocampus has been identified by Zn®" addition
enhancing intracellular Ca*" which was blunted by both
U73122 (PLC inhibitor) and YM-254890 (G, inhibitor)
[25]. Interestingly, GPR39 has been identified as a novel
inhibitor of apoptosis induced by oxidative and endoplas-
mic reticulum stress in a GPR39 overexpressing
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hippocampal cell line [26]. A recent study found that a
zinc-deficient diet resulted in decreased GPR39 and BDNF
protein expression in the frontal cortex in mice [27].
However, to date no studies in GPR39 knockout mice have
identified any neural dysfunctions [16], while zinc trans-
porter-3 (ZnT3)-deficient mice exhibited defects in cogni-
tive behaviour, increased seizures and neurogenesis [28,
29]. In addition to zinc, other trace metals including NiZ*
have been implicated in activating GPR39 in a dose-de-
pendent manner [10]. Conversely, a study by Sharir et al.
[30] found no effects of Ni?*, Fe?*, Cu®** or Pb** on
intracellular Ca>" in a GPR39-expressing keratinocyte cell
line.

Very few studies have assessed the potential anti-dia-
betic effects of Zn>" and other trace metals upon activation
of GPR39. This study assessed GPR39 expression and
localisation in islet cells and the ability Zn>", Cu*", Co®"
and Ni*" to stimulate insulin release from clonal BRIN-
BD11 cells, isolated islets and enhance glucose tolerance in
mice.

Materials and methods
Materials

Collagenase (derived from Clostridium histolyticum),
cAMP enzyme immunoassay kits, trace metal salts and
most other reagents were obtained from Sigma-Aldrich
(Poole, UK). RPMI-1640 media, foetal bovine serum,
streptomycin, Hanks buffer, trypsin and penicillin were
supplied by Gibco Life Technologies Ltd (Strathclyde,
UK). CytoTox96 non-radioactive cytotoxicity assay Kkits
and FLEX calcium assay reagent were purchased from
Promega (Madison, WI, USA) and Molecular Devices
(Sunnyvale, CA, USA), respectively. Rabbit anti-GPR39
antibody was purchased from Abcam (Cambridge, UK).

Insulin secretion

Generation and characterisation of the insulin-secreting
BRIN-BD11 cells were outlined previously [31]. BRIN-
BDI1 cells were cultured with RPMI-1640 media
(11.1 mM glucose) containing antibiotics (100U/ml peni-
cillin and 0.1 mg/ml streptomycin) and 10 % foetal calf
serum at 37 °C in an atmosphere of 95 % air and 5 %
carbon dioxide. For acute insulin secretion studies, cells
were detached using trypsin/EDTA and incubated over-
night in 24-well plates with 150,000 cells per well. Cells
were then pre-incubated for 40 min at 1.1 mmol/l glucose
in Krebs buffer (KRBB comprising 4.7 mmol/l KCL,
115 mmol/l NaCl, 1.28 mmol/CaCl,2H,0, 10 mmol/l
NaHCO;, 5 g/l BSA, 1.2 mmol/l KH,PO,4, 1.2 mmol/l
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MgSO47H,O pH 7.4). Test incubations were then per-
formed at 37 °C for 20 min. ZnSQ,, ZnCl,, NiSO,4, CuCl,
and CoCl, (7.8-500 pmol/l), plus GLP-1 at (1077 mol/l) as
positive control were tested at both 5.6 mmol/l and
16.7 mmol/l glucose, as indicated in the figures. Super-
natants were removed, evaluated for lactate dehydrogenase
(LDH) release as an indicator of cytotoxicity (as per
manufacturer’s protocol) or frozen at —20 °C until deter-
mination of insulin by radioimmunoassay [32]. Cells
exposed to 20 mM streptozotocin were used as positive
control for cytotoxicity tests.

Pancreatic islets were isolated by collagenase digestion
[33] from normal mice derived from the colony maintained
at Aston University, UK [34]. After overnight culture as
above, groups of 10 islets were incubated for 60 min at
37 °C in 1 ml of 1.1 mmol/l glucose KRBB. Test incuba-
tions were then carried out for a further 60 min at
11.1 mmol/l glucose with addition of various trace metals
(7.8-500 pumol/l) as appropriate. Isolated pancreatic islets
are glucose responsive [35] and 11.1 mM glucose used in
this study is a stimulatory concentration. Insulin secretion
and insulin content of islets, treated overnight with 1 ml
acid ethanol, were determined by radioimmunoassay [32].

Intracellular Ca?* and cAMP

For intracellular Ca*" measurement, monolayers of BRIN-
BD11 cells were seeded overnight, at a density of 80,000
cells per well in a 96-well black-walled clear bottom plate
[36]. Cells were washed with 100 ul of KRBB and incu-
bated for 60 min with Flex calcium assay kit reagent at
37 °C. ZnSO,4, ZnCl,, NiSO,, CuCl, and CoCl, at
500 pmol/l were added at 5.6 mmol/l and 16.7 mmol/l
glucose. Fluorometric data were obtained using the FLEX
Station scanner at a wavelength of 525 nm (Molecular
Devices). For cAMP determination, BRIN-BD11 cells
were seeded in a 96-well plate at a density of 30,000 cells
per well. Cells were washed with 300 pl KRBB for 40 min,
and 150 pl of trace metals at 7.8-500 umol/l was tested at
11.1 mol/l glucose. After 20 min, test solutions were
removed and 0.1 M HCI (150 pl) was added to lyse the
cells. Total cAMP production in the cell supernatants was
measured using cAMP enzyme immunoassay kit according
to the manufacturer’s protocol (Sigma, Poole, UK).

Histology

BRIN-BDI11 cells were allowed to attach overnight to
polylysine-coated  slides and fixed wusing 4 %
paraformaldehyde/PBS for 20 min. Antigen retrieval was
achieved by incubation in sodium citrate (50 mmol/l) at
90 °C for 20 min. Pancreatic tissues from normal mice
[34] were fixed in 4 % PFA/PBS, embedded in paraffin

wax, and sections cut at 8 pm. Sections were mounted
onto polylysine-coated slides and dried on a hot plate.
Pancreatic sections were dewaxed and following antigen
retrieval, slides were incubated overnight at 4 °C with
guinea pig anti-insulin (1:500), guinea pig anti-glucagon
(1:500) and rabbit anti-GPR39 (1:1000). After washing in
PBS, sections were incubated with Alexa Fluor 488 flu-
orescein goat anti-rabbit or anti-guinea pig IgG and goat
anti-guinea pig or anti-rabbit Alexa 594 nm IgG (1:400;
Molecular Probes (Life Technologies Ltd, Paisley, UK))
for 45 min at 37 °C and DAPI nuclear stain for 15 min at
37 °C. Finally, slides were washed in PBS, mounted and
analysed using a BX51 Olympus microscope equipped
with an Olympus XM10 digital camera. Relative GPR39
quantification analysis was performed on BRIN-BDI1
cells after exposure to ZnCl,, NiSO,4, CuCl, and CoCl, at
500 pmol/l at 11.1 mmol/l glucose for 20 min. GPR39
and insulin immunofluorescence staining was performed
as described above. Analysis was performed by Cell-F
software (closed polygon icon), with >200 cells per
treatment group. All slides were blinded, and a negative
control slide was performed to ensure antibody specificity
with omission of the primary antibody [37]. Cellular auto-
fluorescence after exposure to metal ions was investigated
to confirm no modulation of the fluorescence spectra by
the cations. No changes in fluorescence intensity were
observed (data not shown).

Analysis of GPR39 expression using western blot

BRIN BD11 cells were seeded at a density of 600,000 cells
per well in 6-well plates and allowed to attach overnight.
After 20 min acute exposure to 0.5 mM ZnCl,, NiSOy,
CuCl,, CoCl,, total protein was extracted at 4 °C for
10 min using RIPA buffer containing 150 mM NaCl,
1.0 % Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 %
SDS, 50 mM Tris HCI, pH 7.6 and protease inhibitor
cocktail. Protein concentration was determined using
Bradford reagent (Sigma, UK). Equal amounts of protein
were boiled at 95 °C with Laemmli buffer for 10 min
(2 pg/pl final concentration), and sample (30 pg per well)
was loaded on to pre-cast gels (NUPAGE 4-12 % Bis—Tris
gels, Invitrogen, UK) and subjected to SDS-PAGE (100 V,
45 min). After transfer to nitrocellulose membrane for 2 h
at 30 V, membranes were blocked with 5 % skimmed milk
and probed with rabbit anti-GPR39 (1:300) (Abcam,
UK)/mouse anti-ACTB (1:3000) (Abcam, UK). Mem-
branes were probed with ECL horseradish peroxidase
donkey anti-rabbit [gG/ECL horseradish peroxidase sheep
anti-mouse IgG (1:10000) (GE Healthcare, UK) and
detected using Luminata Forte HRP substrate (Millipore,
UK). Data were normalised to ACTB and expressed rela-
tive to untreated control.
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ments involving animals [38] and approved by the

1986 and the ARRIVE guidelines for reporting experi-

dance with the UK Animal (Scientific Procedures) Act  University of Ulster Animal Ethics Review Committee.

analyser and insulin determined by radioimmunoassay
[32]. All animal experiments were carried out in accor-
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Fig. 3 Effects of various trace metals (500 pumol/l) and alanine
(10 mmol/l) on intracellular Ca** in BRIN-BDI1 cells at 5.6 or
16.7 mmol/l glucose expressed as a, b RFU ¢, d Area under the curve.

Statistics

Data are expressed as the mean =+ the standard error of the
mean (SEM). Results were compared using the Student’s
t test or one-way ANOVA on Prism graph pad version 5.0.
Differences in data were considered to be statistically
significant for p < 0.05.

Results

Effects of trace metals on insulin secretion
from BRIN-BD11 cells

Insulin secretory abilities of trace metals (ZnCl,, ZnSOy,
CuCl,, NiSQ,, CoCl,) at 7.8-500 pmol/l were determined
using clonal BRIN-BDI11 cells. At 5.6 mmol/l glucose,
ZnCl, at 15.7-500 pmol/l stimulated insulin secretion by
1.2- to 2.7-fold (p < 0.05-p < 0.001, ECsy 219 pmol/l;
Fig. 1a). ZnSO,4 had similar potency with a 1.3- to 2.2-fold
(» < 0.05-p < 0.001) increase in insulin release (ECsq
250 pmol/l; Fig. 1b). CuCl, was the most potent trace
metal augmenting insulin secretion at 31.3-500 pmol/l
(p < 0.001, ECs5y 104 pmol/l) with a 1.6- to 2.6-fold
increase (Fig. 1c), whereas NiSO, enhanced insulin
secretion at 31.3-500 pumol/l by 1.3- to 1.9-fold (p < 0.05—
p < 0.001, EC59 158 umol/l; Fig. 1d). CoCl, was the least
potent trace metal tested, augmenting insulin release by
1.5- to 2.0-fold at 250-500 pmol/l (p < 0.05—p < 0.001,
ECsy 273 pmol/l; Fig. le). The ECsy values ranged from
273 pmol/l (CoCl,) to 104 pmol/l (CuCl,) at 5.6 mM
glucose.
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At 16.7 mmol/l glucose, ZnCl, at 31.3-500 pmol/l
enhanced insulin secretion by 1.3- to 1.9-fold (p < 0.001,
ECsp 91 umol/l; Fig. 2a), while ZnSO, stimulated a 1.2- to
1.9-fold (p < 0.05—p < 0.001) increase in insulin release
(ECso 82 pmol/l; Fig. 2b). CuCl, augmented insulin
secretion at 31.3-500 pmol/l (p < 0.05-p < 0.001, ECso
166 pmol/l) with a 1.3- to 2.1-fold increase (Fig. 2c), while
NiSO, stimulated insulin secretion at 62.5-500 pmol/l by
1.3- to 1.7-fold (p < 0.05-p < 0.001, ECsy 125 pmol/l;
Fig. 2d). Similar to 5.6 mmol/l glucose, CoCl, was the
least potent trace metal, augmenting insulin secretion by
1.3- to 1.4-fold at 250-500 pmol/l (p < 0.05-p < 0.01,
ECso 185 umol/l; Fig. 2e). The ECsq values ranged from
185 pumol/l (CoCl,) to 82 pumol/l (ZnSO,) at 16.7 mmol/l
glucose. Comparison of ECs, values at 5.6 and 16.7 mmol/
1 glucose showed significantly lower values at 16.7 mmol/l
glucose, indicating that the effects of trace metals on
insulin release were glucose sensitive. None of the trace
metals tested at 5.6 mmol/l or 16.7 mmol/l glucose affec-
ted LDH release, indicating no cytotoxicity see Figs. 1 and
2f for representative data.

Effects of trace metals on intracellular Ca>*
and cAMP in BRIN-BD11 cells

Exposure of BRIN-BDI11 cells to trace metals (ZnCl,,
ZnSQOy4, CuCl,, NiSOy4, CoCl,) at 500 pmol/l and alanine at
10 mmol/l resulted in potent stimulatory effects on intra-
cellular Ca®* at both 5.6 mmol/l and 16.7 mmol/l glucose
(except CoCl, at 16.7 mM; p < 0.05-p < 0.001; Fig. 3).
Dose-dependent increase in cAMP production in BRIN-
BDI11 cells was observed with each GPR39 agonist and
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with GLP-1 at 10~7 mol/l. The agonists ZnCl,, CuCl, and
NiSO,4 at 31.3-500 pmol/l increased cAMP production
(»p < 0.05-p < 0.001; Fig. 4a, c, d). ZnSO, moderately
increased cAMP production at 125-500 pmol/l (p < 0.05—
p < 0.01; Fig. 4b), while CoCl, was the least potent
enhancing cAMP production only at 500 pmol/l (p < 0.05;
Fig. 4e).

Effects of trace metals on insulin secretion
from isolated islets

As displayed in Fig. 5, trace metal agonists had similar
potencies on insulin secretion when tested in isolated islets.
At 11.1 mM glucose, ZnCl, at 15.7-500 pmol/l (p < 0.05-
p < 0.001, ECsg 125 pmol/l) enhanced insulin secretion
(Fig. 5a), while ZnSO, augmented insulin secretion at
31.3-500 pmol/l (p < 0.01-p < 0.001, ECsy 125 pmol/l;
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Fig. 5b). CuCl, was the most potent GPR39 agonist,
increasing insulin release at 15.7-500 pmol/l (p < 0.05—
p < 0.001, ECso 87 umol/l; Fig. 5¢), while NiSO4 enhanced
insulin secretion at 31.3-500 pmol/l (p < 0.05—p < 0.001,
ECso 179 pmol/l; Fig. 5d). The least potent agonist tested
was CoCl,, augmenting insulin secretion at 125-500 pmol/l
(p < 0.05-p < 0.001, EC5¢ 190 pmol/l; Fig. Se).

Expression of GPR39 in BRIN-BD11 cells
and mouse islets

Zn, Ni, Cu and Co serve as GPR39 agonists in many cel-
lular systems. The distribution of GPR39 and insulin in
BRIN-BD11 cells was displayed in Fig. 6. Nuclei were
stained by DAPI (blue) (Fig. 6a), and insulin (green) was
located throughout the cells (Fig. 6b), with a similar
staining pattern to GPR39 (red) (Fig. 6¢). Double
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immunofluorescence of insulin with GPR39 indicated areas
of co-localisation in BRIN-BDI11 cells (yellow) (Fig. 6d).
Selectivity of the various trace metals at 500 umol/l was
determined by relative fluorescence intensity at 11.1 mM
glucose (Fig. 7a). ZnCl, was highly specific for GPR39
increasing expression of GPR39 (red) (p < 0.001, Fig. 7b,
g), while both CuCl, and NiSO, were moderately specific
for GPR39 (p < 0.01, Fig. 7c, d, g). The least selective
agonist tested was CoCl, increasing expression of GPR39
(p < 0.05, Fig. 7e, g), while none of the agonists enhanced
relative insulin intensity (green) in BRIN-BDI1 cells
(Fig. 71, g).

Figure 8 displays the localisation of insulin, glucagon
and GPR39 in mouse pancreatic islets. DAPI (blue) stained
the nuclei in pancreatic islets (Fig. 8a, b). GPR39 (red) was
distributed throughout the islet (Fig. 8c, d), displaying a
similar staining pattern to insulin (green) (Fig. 8e). Com-
bination of insulin with GPR39 indicated that insulin-
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Trace metal (pmol/l)

secreting beta cells express GPR39 (yellow) (Fig. 8g),
examples of co-localisation are shown by the arrows.
Glucagon (green) was located at the periphery of the islets
(Fig. 8f) with no areas of co-localisation observed with
GPR39 (Fig. 8h).

Up-regulation of GPR39 protein expression (Fig. 7g)
was confirmed by western blot studies (Fig. 9). All trace
metals increased GPR39 protein expression in pancreatic
BRIN-BD11 cells (Fig. 9), with significant effects being
observed with Zn** (p < 0001), Ni*" (p < 0.01) and Co>"
(p < 0.01).

Acute effects of trace metals on glucose tolerance
and insulin release in vivo

An oral glucose tolerance test was utilised to determine the
glucose-lowering and anti-diabetic potential of ZnCl,,
CuCl,, NiSO4 and CoCl, in vivo at 50 pmol/l in non-fasted
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Fig. 6 Distribution of a DAPI nuclear stain, b insulin ¢ GPR39 d merge of GPR39 co-localised with insulin at x40 magnification in BRIN-

BD11 cells. Examples of co-localisation indicated by arrows

NIH Swiss mice (Fig. 10a). Both ZnCl, and CuCl, reduced
plasma glucose by 27 and 23 % (p < 0.05), respectively,
after 60 min when compared to glucose (Fig. 10a). ZnCl,
(30 %, p <0.05), CuCl, (23 %, p <0.01) and NiSO4
(15 %, p < 0.01) reduced the glycaemic excursion after
105 min (Fig. 10a). This reduction in glucose was con-
firmed by AUC values for ZnCl, (p < 0.01), CuCl,
(»p < 0.01) and NiSO4 (p < 0.05; Fig. 10c). Trace metals
enhanced glucose-induced insulin secretion. Stimulatory
effects of ZnCl, (38 %, p < 0.01), CuCl, (35 %, p < 0.01)
and NiSO4 (33 %, p < 0.05) were observed at 30 min and
effects of ZnCl, (44 %, p < 0.01), CuCl, (40 %, p < 0.01)
persisted to 60 min (Fig. 10b). All trace metals assayed
with exception of CoCl, augmented insulin secretion
(» < 0.05-p < 0.01) when compared to glucose alone
(Fig. 10d).

Discussion

Interest in islet cell GPRs as a possible drug therapy for
diabetes has intensified owing to successful exploitation of
GLP-1 receptor mimetics and their general ability to
counteract defective insulin secretion and beta cell loss
[39]. Interestingly, several GPRs have been identified on
enteroendocrine cells in the gastrointestinal tract and when

activated enhance GLP-1 or GIP secretion, potentially
increasing insulin release and beta cell regeneration [40].
Currently, a GPR40 (FFARI) oral agonist TAK-875 is
undergoing phase III clinical trials and has been shown to
decrease glucose and HbA - with equal potency to the
sulphonylurea glimepiride but without the risk of hypo-
glycaemia [41]. GPR39 agonists may also stimulate insulin
secretion and inhibit beta cell apoptosis which could be
useful in the treatment of type 1 and 2 diabetes.

The current study investigated the insulin secretory
effects of trace metals believed to act via GPR39 using
clonal BRIN-BD11 cells, isolated mouse islets and NIH
Swiss mice. Previous studies on various aspects of cellular
metabolism using GPR39 knockout mice, siRNA knock-
down and chemical antagonists have established their
actions at GPR39 [10, 14, 27, 42]. Micromolar amounts of
trace metals ZnCl,, ZnSO,4, CuCl,, NiSO, and CoCl,
enhanced insulin release in a concentration-dependent
manner from clonal BRIN-BD11 cells and isolated islets
under both normoglycaemic and hyperglycaemic condi-
tions. At 5.6 mM glucose, CuCl, was the most potent
GPR39 agonist according to ECsy values, followed by
NiSOy, ZnCl,, ZnSO,4 and CoCl,. While at 16.7 mM glu-
cose, ZnSO, was the most potent, followed by ZnCl,,
NiSO,4, CuCl, and CoCl,. These data are consistent with
previous studies, indicating the potential role of GPR39
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Fig. 7 Relative GPR39
fluorescence intensity of BRIN-
BDI11 cells following exposure
to trace metals at 500 pmol/l at
11.1 mmol/l glucose for

20 min. GPR39 intensity in the
presence of a 11.1 mmol/l
glucose b ZnCl,, ¢ CuCl,,

d NiSO,, e CoCl,.

f Representative image for
insulin and g Relative GPR39
fluorescence intensity. Values
are the mean = SEM for > 200
cells per group determined by
Cell-F software. *p < 0.05,

*p < 0.01, #*p < 0.001
compared to 11.1 mmol/l
glucose
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agonists in insulin secretion [7, 21, 43, 44]. Cytotoxicity
testing measured by cellular LDH release indicated that
none of the trace metals tested had adverse effects at the
concentrations employed. Similarly others have reported
lack of cytotoxicity of ZnSO, at micromolar concentrations
in a human intestinal epithelial cell line [45]. Intriguingly,
administration of zinc sulphate to mice prevented multiple
low-dose streptozotocin-induced diabetes and

@ Springer
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consequently, GPR39 has been described as a novel inhi-
bitor of apoptosis [18].

Isolated mouse islets were used to substantiate findings
made with clonal beta cells. Reassuringly, trace metals had
similar insulin-releasing potency in order of increasing
ECso values namely CuCl,, ZnCl,, ZnSO4, NiSO, and
CoCl,. Inhibitory effects of trace metals such as Zn*" on
glucose-stimulated insulin release from mouse islets may
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Fig. 8 Distribution in mouse islets and pancreas a, b DAPI nuclear stain, ¢, d GPR39 e insulin f glucagon g merge of GPR39 co-localised with
insulin. Example of co-localisation indicated by arrows. h merge of GPR39 and glucagon in mouse pancreatic tissue at x40 magnification

occur independently of GPR39 [43]. However, such neg-  concentrations of trace metals was examined by measuring
ative effects due to inhibition of Ca®" influx transport are  changes of intracellular Ca*" and cAMP production.
generally observed at millimolar concentrations [46]. Inthe ~ ZnCl,, ZnSO,4, NiSO4 and CuCl, each augmented intra-
present study, the mode of action of micromolar  cellular Ca*", demonstrating the stimulatory effects are
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Fig. 9 a GPR39 and ACTB A 1 2 3 4
expression in control (lanes
1-3), ZnCl, (lanes 4-6) and
NiSO4 (lanes 7-9). b GPR39
and ACTB expression in control
(lanes 1-3), CuCl, (lanes 4-6)
and CoCl, (lanes 7-9). ¢,

d Relative density (%), with
GPR39 expression normalised
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mediated in large part through Ca®"-dependent pathways.
Compared with GLP-1, trace metals also caused a mod-
erate enhancement in total cAMP accumulation, with
maximum effects being displayed with Zn®", Ni*" and
Cu?*. In previous studies, exogenous Zn>* at micromolar
concentrations was found to activate K™ ATP channels in
clonal beta cells, indicating a possible role in regulation of
beta cell function [47], while activation of GPR39 has been
linked to increases in cAMP accumulation and IP turnover
[6, 8, 16]. The mechanism of GPR39 ligand-induced
insulin secretion seems to predominately involve the Ca**-
dependent pathway and to a lesser extent the adenylyl
cyclase pathway.

Evaluation of cellular localisation of GPR39 in BRIN-
BD11 cells and pancreatic islets revealed GPR39 co-local-
isation with insulin in both clonal and primary beta cells.
While no co-localisation was evident with glucagon on
alpha cells, GPR39-mediated effects on pancreatic beta
cells may exert a paracrine effect on other islet cell types.
Previous studies have indicated GPR39 expression in mouse
clonal beta cells [43], pancreatic beta cells and pancreatic
duct epithelium [7]. Acute incubation of trace metals with
BRIN-BDI11 cells and quantification of GPR39 protein
expression provided valuable information on agonist
specificity for the receptor in this study. Zn>" was highly
specific for GPR39, augmenting receptor expression in
islets, followed in potency by Cu**, Ni** and lastly Co**.

Trace metals assessed in this study are not totally
specific for GPR39 and have the ability to interfere with
ion channels and activate other receptors including mela-
nocortin-1, melanocortin-4 receptors [17] and P2X,
receptor [48]. Although these trace metals have the ability

@ Springer

to activate other receptors, previous studies have shown
Zn*" [6, 14, 16] and Ni*" [10] to have high affinity for
GPR39. Further, all trace metals examined are essential
trace elements with diverse beneficial actions within the
body [49]. Our acute in vivo data revealed that oral
administration of these trace metals in particular Zn2+,
Cu®" and Ni*" improved glucose tolerance and enhanced
glucose-induced insulin release. These effects are pre-
sumably mediated by direct stimulation of insulin secretion
by the trace metals, triggered via GPR39 combined with
the possible secretion of GLP-1 and GIP from GPR39-
expressing enteroendocrine cells. Indeed, GPCRs including
free fatty acid receptors GPR119 and GPR120 have been
implicated in the secretion of GLP-1, GIP and CCK on
intestinal L, K and I cells and the secretion of these insu-
linotropic hormones [50, 51]. Additional actions of trace
metals such as Zn** and Cu”>" might include stimulation of
cellular glucose update and effects on multiple tissues due
to modulation of Ca®" fluxes. Further studies are necessary
to evaluate effects of GPR39 agonists. Recently, oral
administration of a Zn compound in a type 2 diabetes
mouse model decreased blood glucose, indicating that
Zn*" may be utilised as an oral therapeutic agent for
treatment of diabetes [52].

In conclusion, trace metal ligands targeting GPR39 on
beta cells augment insulin secretion by increasing intra-
cellular Ca®>" and cAMP generation. The acute in vivo
glucose-lowering actions of these agonists indicate that
activation of GPR39 with natural or synthetic metal ions
agonists may provide new future therapies for diabetes.
Further studies using specific siRNA for gene knockdown
studies or genetic deletion in GPR39 knockout mice are
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Fig. 10 Acute effects of trace metals on a oral glucose tolerance
b plasma insulin response to glucose. AUC values for 0-105 min post
injection for ¢ plasma glucose and d plasma insulin are shown.
Glucose (18 mmol/kg body weight) in combination with agonists

required to fully understand the therapeutic effectiveness of
GPR39.
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