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ABSTRACT
We developed a novel, pure glucose-dependent, insulinotropic imidazoline
compound, BL11282, which directly affects the insulin exocytotic machinery and does
not block the KATP channel activity. BL11282 does not induce insulin secretion at basal
glucose concentrations, whereas it stimulates insulin secretion at an elevated glucose
level. Therefore this imidazoline should not provoke hypoglycemic episodes as it has
been observed for the sulfonylureas. However, so far, the detailed biochemical and
pharmacological mechanisms underlying the insulinotropic effects of BL11282 are not
fully established. The overall objective of this study was to investigate signaltransduction pathways involved in the pure glucose-dependent activity of BL11282 on
insulin release. Using SUR1(-/-) mice, we unambiguously confirmed the previous notion
that the insulinotropic activity of BL11282 is unrelated to its interaction with ATPdependent K+ channels. We have also shown that previously described targets for
imidazoline compounds like α2-adrenoreceptors, imidazoline I1-receptors and
monomeric G-protein Rhes are not involved in the mechanisms of the insulinotropic
action of BL11282. To clarify the molecular mechanisms underlying the effects of
BL11282 on insulin secretion, we have used an approach involving desensitization of
ß-cells to the insulinotropic activity of BL11282 by prolonged incubation with the
compound. The data obtained show that overnight pretreatment of pancreatic islets with
BL11282 desensitizes the subsequent islet response to this imidazoline. Islets pretreated
for the same time with efaroxan, another insulinotropic imidazoline, are unresponsive
to subsequent addition of efaroxan but preserve their response to BL11282. The effect
of pretreatment with BL11282 is accompanied by an increased insulinotropic response
to subsequent high glucose concentration. Desensitization of islet response to BL11282
does not eliminate subsequent islet response to GLP-1, but significantly decreases the
fold potentiation of insulin release by this peptide. The latter effect points to the
importance of GLP-1 stimulated signal-transduction pathways for the insulinotropic
activity of BL11282. Our results support the involvement of the cAMP-GEFII·Rim2
pathway in BL11282 stimulated insulin secretion. Indeed, expression of dominant
negative cAMP-GEFII and Rim2 mutant proteins in MIN6 cells lead to a significant
reduction in insulin secretion stimulated by the imidazoline. To further investigate this
direct mechanism of BL11282 on insulin release, we turned our attention to calciumindependent PLA2 isoform iPLA2β, which is predominantly expressed in pancreatic
islets and plays an important role in insulin secretion in pancreatic islets. Our
observations indicate a deficiency in iPLA2β isoform expression in diabetic GotoKakizaki (GK) rat islets compared to Wistar rat islets, this effect being in agreement
with an impairment in the glucose-stimulated insulin response in GK rat islets.
Pharmacological inhibition of iPLA2 and cytochrome P-450 enzymes completely
abolished the insulinotropic effect of BL11282. BL11282 stimulated arachidonic acid
release from the islets in the presence of high glucose concentration and this effect was
fully blocked by iPLA2 inhibitor, bromoenol lactone. The data suggest that potentiation
of glucose-induced insulin release by BL11282, independent of concomitant changes in
cytoplasmic free Ca2+ concentration, involves the release of arachidonic acid by iPLA2
and its metabolism to epoxyeicosatrienoic acids through the cytochrome P-450
pathway.
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ISBN 978-91-7409-016-1
STOCKHOLM 2008

LIST OF PUBLICATIONS
This thesis is based on the following papers, which are referred to in the text by their
Roman numerals:
I.

Vladimir V. Sharoyko, Barbara Leibiger, Irina I. Zaitseva, Suad Efendić,
Per-Olof Berggren and Sergei V. Zaitsev. The imidazoline compound
BL11282 stimulates insulin release through the cAMP-GEFII·Rim2
pathway. Submitted

II.

Vladimir V. Sharoyko, Irina I. Zaitseva, Barbara Leibiger, Suad Efendić,
Per-Olof Berggren and Sergei V. Zaitsev. Arachidonic acid signaling is
involved in the mechanism of imidazoline-induced KATP channelindependent stimulation of insulin secretion. Cellular and Molecular Life
Sciences. 64: 2985-2993, 2007

III.

Vladimir V. Sharoyko, Irina I. Zaitseva, Mark Varsanyi, Neil Portwood,
Barbara Leibiger, Ingo Leibiger, Per-Olof Berggren, Suad Efendić and Sergei
V. Zaitsev. Monomeric G-protein, Rhes, is not an imidazoline-regulated
protein in pancreatic β-cells. Biochem Biophys Res Commun. 338(3): 14551459, 2007

OTHER PUBLICATIONS BY THE SAME AUTHOR
I.

Theres Jägerbrink, Helena Lexander, Carina Palmberg, Jawed Shafqat,
Vladimir V. Sharoyko, Per-Olof Berggren, Suad Efendić, Sergei V. Zaitsev
and Hans Jörnvall. Differential protein expression in pancreatic islets after
treatment with an imidazoline compound. Cellular and Molecular Life
Sciences. 64(10): 1310-6, 2007

II. Irina I. Zaitseva, Vladimir V. Sharoyko, Joachim Størling, Suad Efendić,
Christopher Guerin, Thomas Mandrup-Poulsen, Pierluigi Nicotera, Per-Olof
Berggren and Sergei V. Zaitsev. RX871024 reduces NO production but does
not protect against pancreatic beta-cell death induced by proinflammatory
cytokines. Biochem Biophys Res Commun. 347(4): 1121-8, 2006

CONTENTS
1 INTRODUCTION………………………………………………………………..1
1.1. Mechanisms of insulin secretion in pancreatic β-cells…………………………..1
1.2. Imidazoline compounds………………………………………………………....4
2 AIMS………………………………………………………………………………7
3 EXPERIMENTAL DESIGN, MATERIALS AND METHODS……………….8
3.1. Reagents………………………………………………………………………….8
3.2. Isolation of pancreatic islets……………………………………………………...9
3.3. β-cell line………………………………………………………………………...9
3.4. Plasmids………………………………………………………………………….9
3.5. Transfection……………………………………………………………………..10
3.6. Measurements of insulin secretion……………………………………………....10
3.7. Measurements of arachidonic acid release……………………………………..11
3.8. RNA extraction………………………………………………………………….11
3.9. Semi-quantitative RT-PCR……………………………………………………...12
3.10. Statistical analysis……………………………………………………………...13
4 RESULTS AND DISCUSSION………………………………………………….14
4.1. Prolonged incubation with BL11282 desensitizes pancreatic islets to
further stimulation by this imidazoline compound but leads to an increase
in insulin secretion at high glucose concentration (paper I)...........................................14
4.2. The role of previously described targets for imidazolines in BL11282dependent stimulation of insulin secretion (paper II, III)……………………………..16
4.3. Comparison of BL11282-dependent signal-transduction pathways
with those pathways involved in the stimulation of insulin secretion
by GLP-1 (paper I)…………………………………………………………………...18
4.4. Arachidonic acid signaling and stimulation of insulin
secretion by BL11282 (paper II)………………………………………………………19
5 CONCLUSIONS…………………………………………………………………...21
6 SUMMARY………………………………………………………………………...22
7 ACKNOWLEDGEMENTS……………………………………………………….23
8 REFERENCES…………………………………………………………………….25
ORIGINAL PAPERS AND SUBMITTED MANUSCRIPTS: I-III

LIST OF ABBREVIATIONS
AA
AC
ADP
ATP
BL11282
BSA
[Ca2+]i
cPLA2
cAMP
DAG
DMEM
EBSS
EEA
EGFP
EDTA
FCS
GEFII
GK rat
GLP-1
HEPES
iPLA2
KATP channel
KRBB
mRNA
NADH
NADPH
PBS
PKA
PKC
PC-PLC
PI-PLC
P450
Rim2
rPL30
RT-PCR
SUR

arachidonic acid
adenylate cyclase
adenosine 5′-diphosphate
adenosine 5′-triphosphate
5-chloro-3-(4,5-dihydro-1H-imidazol-2-yl)-2-methylindole•HCl
bovine serum albumin
cytoplasmic free Ca2+ concentration
cytosolic Ca2+-dependent phospholipase A2
adenosine 3′,5′-cyclic monophosphate
diacylglycerol
Dulbecco’s modified Eagle’s medium
Earle’s balanced salt solution
epoxyeicosatrienoic acid
enhanced green fluorescent protein
ethylenediaminetetraacetic acid
fetal calf serum
cAMP-regulated guanine nucleotide exchange factor II
Goto-Kakizaki rat
glucagon like peptide-1
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
cytosolic Ca2+-independent phospholipase A2
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protein kinase C
phosphatidylcholine-specific phospholipase C
phosphatidylinositol-specific phospholipase C
cytochrome P-450
Rab3 interacting molecule
ribosomal protein L30
reverse-transcription polymerase chain reaction
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1 INTRODUCTION
Treatment of type 2 diabetes is still a difficult task due to the complex nature of
the disease (1). Drugs improving the action of insulin on its target tissues and
pharmacological secretagogues correcting the deficient insulin secretion by pancreatic
β-cells are both used to improve the quality of care of diabetic patients. Unfortunately,
until now, blockers of the KATP channel, sulphonylurea compounds, are the main
compounds widely used in the clinical management of type 2 diabetes with deficiency
in insulin secretion. However, the effect of these compounds at low glucose
concentration leads to an increased risk of

hypoglycemia (2). In contrast to

sulphonylurea compounds, the peptide GLP-1 and its analogues increase insulin
secretion in a pure glucose-dependent manner leading to decreased glucose
concentration without the risk of hypoglycemic episodes (3). GLP-1 was shown to be
effective in maintaining normoglycemia in diabetic patients (4). The short half-life of
the peptide in vivo and the requirement for intravenous infusion restricts its application
in clinical practice. We have developed an oral insulinotropic imidazoline compound
BL11282 (5-chloro-3-(4,5-dihydro-1H-imidazol-2-yl)-2-methylindole hydrochloride)
devoid of these disadvantages. BL11282 possesses a pure glucose-dependent
insulinotropic activity similar to GLP-1, but, unlike the sulphonylureas, does not affect
KATP channels. In pancreatic islets from spontaneously diabetic GK rats, BL11282
restored the impaired insulin response to glucose (5). This novel, second generation,
insulinotropic compound opens fascinating perspectives for the development of new
antidiabetic drugs. However, so far, the detailed biochemical and pharmacological
mechanisms underlying the KATP channel-independent effects of BL11282 on insulin
release remain unknown. Clarification of these mechanisms should provide valuable
knowledge in understanding the disturbances of insulin release in type 2 diabetes, and
thereby facilitate our ability to treat this complex disease.
1.1. Mechanisms of insulin secretion in pancreatic β-cells
At least two principal signaling pathways are involved in the stimulation of
insulin secretion in pancreatic β-cells (Fig. 1). These are the KATP channel-dependent
and the KATP channel-independent pathways. In the KATP channel-dependent pathway,
ATP derived from the glycolytic metabolism of glucose closes KATP channels and
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causes β-cell membrane depolarization. The resulting opening of voltage-dependent Ltype Ca2+ channels increases influx of extracellular Ca2+ into the β-cells, leading to rise
in [Ca2+]i which triggers insulin release (6; 7). The existence of the KATP channelindependent mechanism of stimulation of insulin release was shown over fifteen years
ago (8-10). Molecular mechanisms underlying the KATP channel-dependent stimulation
of insulin secretion are well studied (11-13), whereas the mechanisms involved the
KATP channel-independent pathways are still not defined. Nevertheless, several
candidate signalling pathways exist.
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Fig. 1. Schematic model of the signal transduction pathways involved in the insulin
secretion process in the pancreatic β-cells.
AC, adenylate cyclase; ATP, adenosine triphosphate; DAG, diacylglycerol; GEFII, cAMP-regulated
guanine nucleotide exchange factor II; IP3, inositol 1,4,5-triphosphate; cAMP, adenosine 3′,5′-cyclic
monophosphate; ER, endoplasmic reticulum; KATP, ATP-dependent potassium channel; KCa, Ca2+dependent potassium channel; LVG, voltage-gated L-type channel; M, mitochondria; PIP2, phosphatidyl
inositol 4,5-diphosphate; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; R,
receptor; Rim2, Rab3 interacting molecule
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Mitochondria-generated signaling. Nutrient metabolism in the β-cell
mitochondria generates the messenger molecules which may be involved in KATP
channel-independent mechanism of glucose-stimulated insulin secretion (14; 15). In
the pancreatic islet β-cell, mitochondria actively takes up pyruvate, and >90% of
glucose-derived pyruvate enters the mitochondria (16). Further metabolism of
pyruvate in the mitochondria generates second messengers involved in initiating and
maintaining insulin secretion. Glucose, via anaplerosis, induces a rise in the
concentration of mitochondrial citrate, which is exported to the cytosol and cleaved to
acetyl-CoA and oxaloacetate. Acetyl-CoA is carboxylated to malonyl-CoA. MalonylCoA-induced inhibition of CPT-1 suppresses the flux of fatty acids through βoxidation, with concomitant elevations in the cytosolic content of long-chain acylCoAs (17). The long-chain acyl-CoAs have the capacity to act directly (18) or
indirectly as signal molecules, e.g., by activating PKC isoforms that can stimulate
insulin exocytosis, or by causing the palmitoylation or otherwise acylating, of G
proteins (19-21), synaptotagmin (22), SNAP25 (23) and other β-cell exocytotic proteins
(24-26). The malonyl-CoA hypothesis is currently controversial (27; 28).
ATP, NADPH and NADH generated by mitochondria are also known to be
regulators of the KATP channel-independent pathway (29; 30). Glucose induces an
increase in synthesis of glutamate in the mitochondria, which is exported to the
cytosolic compartment where it sensitizes the exocytotic machinery to Ca2+ (15; 31).
Adenylate cyclase and PKA signaling. These pathways are inhibited by
adrenaline and are activated by vasoactive intestinal peptide, pituitary adenylate cyclase
activating peptide, GLP-1, and GIP. These peptides, acting via Gs, stimulate adenylate
cyclase and cause a rise in cAMP and the activation of PKA. The increased activity of
PKA potentiates insulin secretion (32). GLP-1 possesses a pure glucose-dependent
insulinotropic activity (33; 34). GLP-1 can modulate the KATP channel-independent
insulin secretion by PKA-dependent (35) and PKA-independent mechanisms involving
a cAMP-binding protein cAMP-GEFII (36-38). cAMP-GEFII was shown to activate
mitochondrial ATP-production (39). By interaction with Rim2, Rab3 interacting
molecule, cAMP-GEFII mediates cAMP-dependent, PKA-independent exocytosis in
GLP-1-potentiated insulin secretion in pancreatic β-cells (37).
PLA2s and arachidonic acid (AA) signaling. AA and its metabolites may be
important mediators in the regulation of the insulin secretion process in islet β-cells.
AA is the substrate for the synthesis of eicosanoid signaling molecules (40). In rodent
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islets, AA is a major acyl component of glycerolipids, constituting >30% of
glycerolipid fatty acid residues (41). AA release depends on ß-cell metabolism of
glucose (42). Although it has been thought that glucose-stimulated AA release occurs
via the hydrolysis of membrane phospholipids by PLA2 enzymes (41-43), another
possibility is the hydrolysis of DAG by DAG lipase within the DAG/free fatty acid
cycling pathway. PLA2s liberate free fatty acids from the sn-2 position of membrane
phospholipids. Cytosolic PLA2s are divided into two groups: cPLA2 (cytosolic Ca2+dependent, group IV) and iPLA2 (cytosolic Ca2+-independent, group VI). cPLA2
requires micromolar Ca2+ for membrane translocation but not for catalysis and
possesses a selectivity towards phospholipids containing the AA moiety (44; 45).
iPLA2 exhibits absence of substrate specificity for AA-containing phospholipids and no
Ca2+ requirement for activity (44; 45). ATP-stimulated iPLA2 isoenzymes have been
implicated in glucose-stimulated AA release (42), since glucose activates AA release in
the absence of Ca2+ (46); also, the pharmacological iPLA2 inhibitor, bromoenol lactone
suicide substrate, inhibits AA release and insulin secretion in vitro (42; 43). In diabetic
GK islets, cholinergic stimulation induces an enhancement of insulin release which is
largely mediated through mechanisms involving hydrolysis of DAG to AA (47). It has
been shown that AA promotes the redistribution of cytosolic PKC to the membrane in a
time- and dose-dependent fashion. This study establish a link between AA generation
and PKC activation, and supports the notion that cytosolic PKC may be a downstream
target in AA-induced insulin release (48; 49). There are also data showing that
stimulation of insulin secretion from islets in response to AA does not require its
metabolism through cyclooxygenase-2 and 5-/12-lipooxygenase pathways (50) whilst
metabolism of AA to epoxyeicosatrienoic acids through cytochrome P-450 pathway is
involved in the stimulation of insulin secretion (51).
1.2. Imidazoline compounds
A number of compounds with an imidazoline structure are effective
potentiators of insulin secretion in pancreatic ß-cells (52-57). Phentolamine, an α2adrenergic blocking agent with an imidazoline moiety, stimulated basal and glucoseinduced insulin release (58). These data were initially interpreted as an indication of
the important role of α2-adrenergic receptors in the regulation of insulin release, even
under non-stress conditions. Subsequently, it was demonstrated that the more
selective α2-adrenergic blocking agent idazoxan does not enhance basal or glucose4

stimulated insulin release. Therefore, it was proposed that the stimulatory effect of
phentolamine on insulin release could not be accounted for by its action on α2adrenoceptors, but to the effect of the compound on other sites (54; 55). Similarly,
others have shown that imidazoline substances increased insulin release after
irreversible blockade or downregulation of α2-adrenoceptors, and they proposed that
the stimulatory effect of the compounds on insulin release was probably related to
their interaction with imidazoline receptors (56; 57; 59).
The imidazoline receptors constitute a class of non-adrenergic binding sites,
which possess a high affinity for ligands bearing an imidazoline moiety. Based on the
ligand selectivity, there are two identified imidazoline receptor types: I1-imidazoline
receptor which mediates the sympatho-inhibitory actions to lower blood pressure, I2receptor which is an important allosteric binding site of the mitochondrial monoamine
oxidases A and B.
Previously the insulinotropic effect of imidazoline compound was attributed to
the blockade of KATP channels (60), particularly the Kir6.2, a pore-forming subunit of
this channel (61-63). A decade ago the KATP channel-independent pathway by which
imidazoline compounds stimulate insulin secretion was defined in our group (64). It
was demonstrated that the imidazoline compound RX871024 promotes insulin release
by at least two modes of action (64-66). One mode includes the inhibition of KATP
channels, membrane depolarization and opening of voltage-dependent L-type Ca2+
channels. The other, a more distal effect of the imidazoline, affected the exocytotic
machinery and was not related to changes in [Ca2+]i (64-66). Previously, it was shown
that the KATP channel-independent insulinotropic action of RX871024 is dependent
on the activity of PKA and PKC (63; 66). This KATP-independent effect of
imidazolines on insulin secretion differs from the KATP channel-independent
sulfonylurea effect, as the latter is not sensitive to PKA inhibition but is PKCdependent (67). The KATP channel-independent effect of imidazolines was attributed
to their interaction with a putative I3-imidazoline receptor. A further elaboration of
the KATP channel-independent pathway of imidazoline signaling in pancreatic β-cells
led to the suggestion that the I3-imidazoline receptor is Rhes, a monomeric G-protein.
It was reported that Rhes expression was controlled in an efaroxan-sensitive manner
and that the Rhes protein is responsible for the direct stimulation of insulin exocytosis
by efaroxan (68).
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It has also been suggested that imidazolines stimulate insulin secretion through
interactions with phencyclidine-binding sites, mechanically blocking the pore of the
KATP channel (69). However, this hypothesis could not be confirmed, since other
results showed that phencyclidine and its analogues do not induce insulin secretion
(70).
Recently, in our group a pure glucose-dependent insulinotropic imidazoline
compound, BL11282 has been developed (Fig. 2) (5; 51). BL11282 does not
stimulate insulin secretion at basal glucose concentration whereas it potentiates
insulin secretion at elevated glucose level (5; 51). This remarkable effect is explained
by the KATP channel-independent stimulation of insulin release by BL11282 (5; 51),
and is dependent on the activities of PKA and PKC (5; 51). It was shown that
intravenous administration of BL11282 to anesthetized rats did not change blood
glucose and insulin levels under basal conditions, but increased blood insulin levels
and glucose removal from the blood after glucose infusion (5).

N

NH

Cl
CH3
NH

Fig. 2. Chemical structure of imidazoline compound BL11282 (imidazoline moiety is
highlighted).
In addition, increases in insulin sensitivity due to treatment with imidazoline
compounds was also demonstrated in clinical trials (71; 72).
However, to date, both the binding sites and the molecular mechanism
underlying the KATP channel-independent, direct regulation of insulin exocytosis by
imidazolines have not been completely established.
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AIMS
Overall objective
The overall objective of this study was to investigate the molecular mechanisms of the
pure glucose-dependent insulinotropic activity of the imidazoline compound BL11282.

Specific aims of the present work
1. To create the conditions of long-term incubation of pancreatic islets with
BL11282 which influence the insulin secretory response to a subsequent
challenge with the same compound.
2. To test whether previously described targets for imidazolines are involved in the
insulinotropic activity of the novel imidazoline compound BL11282:
–

KATP channels;

–

α2-adrenergic receptors and I1-imidazoline receptors;

–

monomeric G-protein, Rhes.

3. To compare BL11282-dependent signal transduction pathways leading to
stimulation of insulin secretion with those pathways that are involved in the
stimulation of insulin secretion by the pure glucose-dependent insulinotropic
peptide GLP-1.
4. To investigate the role of arachidonic acid signaling in the mechanism of the
KATP channel-independent stimulation of insulin secretion by imidazoline
compound BL11282.
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2 EXPERIMENTAL DESIGN, MATERIALS AND
METHODS
For studies of the molecular mechanisms of the insulinotropic activity of the
novel imidazoline compound BL11282 we have used different experimental
approaches listed in Table 1.
Table 1. Experimental design
Study
I

Experimental approach
Desensitization

Object
Rat
and
ob/ob
mouse islets

Method
Batch-incubation

Measurement
Insulin secretion

II

SUR1-subunit knock-down
Pharmacological inhibitors
Desensitization
Plasmid transfection

Mouse islets
Rat islets
Rat islets
MIN6 cells

Batch-incubation
Batch-incubation
RT-PCR
Batch-incubation

Insulin secretion
Insulin secretion
mRNA expression
Insulin secretion

III

Desensitization
Plasmid transfection

Rat islets
MIN6 cells

Batch-incubation
Batch-incubation

Insulin secretion
Insulin secretion

IV

Pharmacological inhibitors

Rat islets
Rat islets
Rat islets

RT-PCR
Batch-incubation

mRNA expression
Insulin secretion
Arachidonic acid
release

3.1. Reagents
BL11282 (5-chloro-3-(4,5-dihydro-1H-imidazol-2-yl)-2-methylindole hydrochloride) was obtained from Eli Lilly (Indianapolis, IN, USA). Efaroxan (2-[2-(2ethyl-2,3-dihydrobenzofuranyl)]-2-imidazoline hydrochloride), diazoxide (7-chloro3-methyl-4H-1,2,4-benzothiadiazine 1,1-dioxide), BEL (bromoenol lactone; 2Hpyran-2-one, 6-(bromoethylene)tetrahydro-3-(1-naphthalenyl)-, (E)-), MB-1-ABT
(methylbenzyl-1-aminobenzotriazole), AGN192403 (2-endo-amino-3-exo-isopropylbicyclo[2.2.1] heptane hydrochloride), yohimbine (17α-hydroxy-yohimban-16αcarboxylic acid methyl ester) and β-mercaptoethanol were purchased from Sigma (St.
Louis, MO, USA). D609 (tricyclodecan-9-yl xanthate), AACOCF3 (arachidonyl
trifluoromethyl ketone) and BBPA (N-{(2S,4R)-4-(biphenyl-2-ylmethyl-isobutylamino)-1-[2-(2,4-difluorobenzo-yl)-benzoyl]-pyrrolidin-2-ylmeth-yl}-3-[4-(2,4-dioxithiazolidin-5-ylidenemethyl)-phenyl]acrylamide hydrochloride) were purchased from
Calbiochem (San Diego, CA, USA). GLP-1 was from Polypeptide Laboratories
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GmbH (Wolfenbüttel, Germany). RPMI-1640 medium, fetal calf serum, penicillin,
streptomycin sulfate, trypsin and glutamine were obtained from Gibco (Paisley, UK).
Rat insulin was from Novo Nordisk (Denmark). All other reagents were of analytical
grade.
3.2. Isolation of pancreatic islets
The Ethics Committee on Animal Research in Northern Stockholm approved
all experimental procedures. 2-3-months old Wistar rats were obtained from B&K
Universal (Sollentuna, Sweden). 2-3-months old GK rats and 10-12 months old nondiabetic ob/ob mice were from a local colony at Karolinska Institutet. The mice
lacking the SUR1 receptor (SUR1(-/-) mice; 2-4 months of age) were obtained from
Prof. M. Magnuson (Department of Molecular Physiology and Biophysics,
Vanderbilt University School of Medicine, Nashville, Tennessee, USA) (31). Islets
from mice and rats were isolated by collagenase digestion (73). Isolated rat pancreatic
islets were incubated with or without imidazoline compounds at 37 °C for 18-22 h in
a humidified atmosphere of 5% CO2, in RPMI-1640 medium (5.5 or 11 mM glucose)
supplemented with 10% FCS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin
sulphate.
3.3. β-cell line
The β-cell line MIN6 (passages 32–38) was maintained in DMEM containing
25 mM glucose, supplemented with 10% fetal calf serum, 50 U/ml penicillin,
0.05 mg/ml streptomycin sulfate, and 50 μM β-mercaptoethanol, in a humidified
atmosphere of 5% CO2 at 37 °C. MIN6 monolayers were trypsinized (0.1% trypsin,
0.02% EDTA) at 80–90% confluency and were plated in 24-well plates 24 h before
transfection.
3.4. Plasmids
Plasmid pHG327.Rhes, which contained the cDNA for Rhes, was kindly
provided by Prof. J. Gregor Sutcliffe (The Scripps Research Institute, La Jolla, CA,
USA). The cleavage product of pHG327.Rhes digestion with NarI was incubated
with Klenow polymerase and then digested with ApaI. The resulting Rhes cDNA
9

fragment was inserted into the EcoRV- and ApaI-digested construct pRcCMVi.EGFP
(74), thereby replacing the EGFP cDNA with Rhes cDNA to generate
pRcCMVi.Rhes. To obtain the Rhes-antisense expression construct, an 800 bp Rhesfragment was obtained by digesting pRcCMVi.Rhes with SmaI and ApaI. This DNA
fragment was subcloned into HpaI- and ApaI-digested pB.rIns1.DsRed (75), thereby
replacing the DsRed cDNA and generating pB.rIns1.Rhes-antisense. This permitted
the Rhes cDNA fragment to be placed in the antisense orientation under control of the
rat insulin-1 promoter (−410/+1). All vector constructions were verified by DNA
sequence analysis. Plasmids pSRα-cAMP-GEFII (G114E, G422D), and mutant
pCMV-HA-Rim2ΔA (193-830) were kindly provided by Prof. Susumi Seino
(Department of Cellular and Molecular Medicine, Chiba University, Japan).
3.5. Transfection
MIN6 cells were transfected with pRcCMVi.EGFP, pRcCMVi.Rhes,
pB.rIns1.EGFP, pB.rIns1.Rhes-antisense, mutant pSRα-cAMP-GEFII (G114E,
G422D), and mutant pCMV-HA-Rim2ΔA (193-830) plasmids in the presence of
LipofectAMINE 2000 (Invitrogen–Life Technologies, CA, USA), according to the
manufacturer’s instructions. Transfection efficiency was estimated by microscopic
evaluation of EGFP fluorescence with an inverted microscope (Zeiss Axiovert
133TV; Carl Zeiss MicroImaging). Excitation light was obtained from a SPEX
fluorolog-2 MM1T11I spectrofluorometer (Spex Industries). The following settings
were used for EGFP detection: excitation at 485 nm, a 505-nm dichroic mirror, and a
505–535-nm band-pass emission filter. Measurements of insulin secretion from
MIN6 cells were performed 72 h after transfection, when transfection efficiency was
maximal.
3.6. Measurements of insulin secretion
Insulin secretion from islets was measured in KRBB containing (in mM): 115
NaCl, 4.7 KCl, 2.6 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 20 NaHCO3, 16 HEPES and
2 mg/ml BSA; pH 7.4. Islets were preincubated in KRBB with 3.3 mM glucose at
37 °C for 1 h. Islets were preincubated in KRBB with 3.3 mM glucose at 37°C for 30
min, then for the following 30 min the respective test substances: yohimbine,
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AGN192403, D609, AACOCF3, BBPA, BEL and MB-1-ABT were added to the
preincubation medium. Groups of three islets were incubated at 37 °C for 1 h in
300 μl of the same buffer containing 3.3 or 16.7 mM glucose, or 16.7 mM glucose
and the respective test compound. Insulin secretion from MIN6 cell was measured in
EBSS containing (in mM): 115 NaCl, 5.3 KCl, 1.8 CaCl2, 1.0 NaH2PO4, 0.8 MgSO4,
26 NaHCO3, and 1 mg/ml BSA; pH 7.4. MIN6 cell were preincubated in EBSS with
1 mM glucose at 37 °C for 1 h. Cells were then incubated at 37 °C for 1 h in 500 μl of
the same buffer containing 1 or 25 mM glucose, or 25 mM glucose plus 50 μM
BL11282. Supernatants from the incubations were chilled on ice and aliquoted prior
to measurement of insulin by radioimmunoassay, employing rat insulin as standard.
3.7. Measurements of arachidonic acid release
Generation of arachidonic acid was quantified by efflux of [3H]arachidonic
acid from [3H]arachidonic acid-prelabeled islets, as previously described (47; 76).
Isolated islets were incubated overnight in batches of 25 at 37°C in a humidified
atmosphere of 5% CO2 in RPMI-1640 medium supplemented with 10% fetal calf
serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin sulfate and 0.2 μCi
[3H]arachidonic acid (specific activity, 180-240 Ci/mmol; PerkinElmer Life and
Analytical Sciences). After incubation, the islets were washed three times with KRBB
containing 1 mg/ml BSA with 3.3 mM glucose and devoid of [3H]arachidonic acid
and then preincubated for 30 min at 37 °C with or without 25 μM BEL in 1 ml of the
same buffer in a humidified atmosphere of 5% CO2. Subsequently, the islets were
incubated under the same conditions at 16.7 mM glucose with or without BL11282
and BEL for 30 min. Following the incubation period, the incubation buffer was
removed and radioactivity was determined by liquid scintillation counting using
scintillation cocktail ULTIMA GOLD (PerkinElmer Life and Analytical Sciences,
USA). The radioactivity of the islets was also determined. [3H]arachidonic acid
release was estimated as the radioactivity in the removed buffer divided by the total
islet radioactivity.
3.8. RNA extraction
Islets were collected under a stereo-microscope and employed immediately
for RNA extraction, using RNeasy RNA purification kit (Qiagen, Germany),
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according to the manufacturer’s instructions. RNA was treated with DNase I (Qiagen,
Germany) for 15 min at room temperature. RNA concentration was measured by 260
nm absorbance using a conversion factor of 40. Quality and integrity of RNA (1 μg
per line) was detected by agarose gel electrophoresis in sodium phosphate buffer.
RNA samples were stored at -80°C.
3.9. Semi-quantitative RT-PCR
Reverse transcription was carried out using SuperScript II First-Strand
Synthesis System (Invitrogen–Life Technologies, CA, USA) according to the
manufacturer’s instructions in reactions containing 1.5 μg total RNA, 0.5 mM dNTPs,
150 ng random hexamer primers, 5 mM MgCl2, 0.01 M dithiothreitol, and 40 U
RNaseOut Recombinant Inhibitor (Invitrogen–Life Technologies, CA, USA) in a
final volume of 20 μl as described (77). The template was denatured by heating (65°C
for 5 min) and annealing at 25°C for 12 min. The reverse transcription reaction was
run at 42°C for 50 min followed by enzyme inactivation at 70°C for 15 min. Aliquots
of each reverse transcription mix removed prior to the addition of reverse
transcriptase served as negative controls. Semi-quantitative PCR was performed
independently of cDNA samples generated from four experiments. PCR conditions
were chosen such that the amplification of analyzed gene fragments were within the
linear range. This was verified by testing various numbers of amplification cycles
(paper II and III). PCR was carried out in 10 μl reactions containing 4 μM dNTPs, 2.5
mM MgCl2, 5 pmol forward and reverse specific primers, 0.4 U Taq DNA
polymerase (Roche, Switzerland), and quantities of cDNA corresponding to 10 or
50 ng total RNA. The sequences of the primers used are shown in Table 2. The
specific primers for rPL30 and β-actin in rat islets were used as internal controls.
PCR products were analyzed by electrophoresis on 1.5% agarose gels; bands were
visualized with ethidium bromide staining and documented with a digital camera
(EDAS 290, Kodak) and software (1D, Kodak). All PCRs included reverse
transcription-negative controls, and these reactions consistently yielded no
amplification product. PCR products generated from pancreatic islet cDNA with
corresponding primers (see Table 2) were gel-purified (NucleoTrap, Clontech),
cloned with a TOPO-TA Cloning kit (Invitrogen-Life Technologies, CA, USA) and
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sequenced with a ABI Prism BigDye® Terminator v3.1 Cycle Sequencing Ready
Reaction Kit (Applied Biosystems, CA, USA), as recommended by the manufacturer.
Table 2. Primer sequences for RT-PCR
Target gene
(Accession
number)
rPL30
(K02932)
β-Actin
(NM_031144)
Rhes
(NM_133568)
iPLA2β
(RGD: 628867)

Sense primer sequence

Antisense primer sequence

GGAAAGTACGTGCTGGGG TA

CACCTGGGTCAATGATAG CC

TGTGCCCATCTACGAGGGGTA
TGC
GCAAGAGCTCCATTGTCTCC

GGTACATGGTGGTGCCGCCAG
ACA
CGTGTTCTTCTTGGCTGACA

CAGAGAATGAGGAGGGCTGT

GGATCCTTGCTGTGGATCTG

Specific clones were identified by restriction digestion of plasmid preparations
(Qiaprep, Qiagen) with EcoRI. The sequence was determined by using an ABI 373
automated DNA sequencer (Applied Biosystems, CA, USA). Assembly and alignment
of the sequencing data were performed with GeneWorks 5.2 (Oxford Molecular, UK).
Data sets were analyzed using the NCBI BLAST. Comparison between sequences
deposited at the public database GenBank and sequences derived as described above
was performed using the software BLASTN.
3.10. Statistical analysis
Data was analyzed using Sigma Plot for Windows (version 7.101, SPSS, Inc.),
Statistica (version 5.0, StatSoft, Inc). All results are expressed as means ± SE for the
indicated number of experiments. Analysis of mean values was estimated with
Student's t test or one-way ANOVA followed by the LSD test. Differences between
mean values were considered significant if p < 0.05.
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RESULTS AND DISCUSSION
4.1. Prolonged incubation with BL11282 desensitizes pancreatic islets to further
stimulation by this imidazoline compound but leads to an increase in insulin
secretion at high glucose concentration (paper I).
The elaboration of the molecular mechanisms underlying the effect of
BL11282 on insulin secretion is complicated by the absence of a selective antagonist
of this compound. Therefore, creating conditions where BL11282 does not possess
insulinotropic activity and comparing them to those conditions where BL11282
stimulates insulin secretion can give a hint to the signal-transduction pathways
involved. In this study we have used an approach involving desensitization of ß-cells
to the insulinotropic activity of BL11282 after prolonged incubation with the
compound. We have evaluated how the conditions of long-term exposure of
pancreatic islets to BL11282 influenced the insulin secretory response to a subsequent
challenge with the same compound. Then we have compared the BL11282-dependent
signal-transduction pathways with the signal-transduction pathways involved in the
stimulation of insulin secretion by the pure glucose-dependent insulinotropic peptide
GLP-1.
We have identified conditions of incubation with BL11282 which lead to
desensitization of the subsequent response to this imidazoline. Pretreatment with 50
μM BL11282 for 18-21 h desensitized Wistar rat and ob/ob mouse islets to BL11282.
These desensitization conditions have been used for studies of the mechanisms
underlying the insulinotropic activity of BL11282 (study III).
We have compared the desensitization effects of the two imidazolines
BL11282 and efaroxan on subsequent stimulation of insulin release by high glucose
concentration in pancreatic islets. Efaroxan is an imidazoline compound of the first
generation (51) which stimulates insulin secretion from pancreatic islets by two
modes of action, i.e. by the KATP channel-dependent mechanism involving binding to
the Kir6.2 subunit of the KATP channel (60) and, as it was later shown, the KATP
channel-independent mechanism by affecting distal components of the exocytotic
machinery (78). At 16.7 mM glucose the KATP channels are almost fully blocked by
the high ATP/ADP ratio (11) and glucose-induced insulin secretion is almost
maximal. Therefore, the observed effects of efaroxan on insulin secretion at high
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glucose concentration can mainly be attributed to the KATP channel-independent
pathway.
Imidazoline compounds of the second generation, e.g. BL11282, stimulates
insulin release in pancreatic islets only through the KATP channel-independent
mechanism (5; 51). To elaborate possible interactions between BL11282 and
efaroxan signaling pathways in their KATP channel-independent mode of action we
have pre-incubated pancreatic islets with efaroxan and then investigated the islet
response to both imidazoline compounds. Results of these studies demonstrate that
after exposure of islets to efaroxan they remained significantly responsive to
BL11282 but not to efaroxan. The data obtained suggest that BL11282 and efaroxan
desensitize pancreatic islets by alternative pathways and stimulate insulin secretion by
different KATP channel-independent mechanisms.
An interesting observation is that after prolonged culture with BL11282,
pancreatic islets from Wistar rats and ob/ob mice were able to release higher amounts
of insulin in response to a subsequent glucose challenge compared to islets cultured
without BL11282. This increase in glucose-induced insulin secretion favors the
conclusion that BL11282-induced desensitization does not lead to depletion of
releasable insulin stores. BL11282-desensitized islets are even able to further release
significant amounts of insulin after subsequent stimulation with other secretagogues,
as was demonstrated with GLP-1.
Interestingly, prolonged exposure of islets to efaroxan (79), or sulphonylurea
(80-82) does not sensitize islets to subsequent glucose stimulation. In our experiments
it was shown, that in contrast to BL11282, pre-incubation of islets with efaroxan had
even a tendency to decrease insulin response to a subsequent glucose challenge. This
effect of efaroxan is in full agreement with a previous study (79). The authors showed
a decrease in the amount of insulin granules and an increased level of degranulated βcells after culture of islets with efaroxan or with sulphonylurea (79).
The increase in glucose-induced insulin secretion following the prolonged
incubation with BL11282 can be explained by changes in the expression pattern of a
number of proteins, which are observed under the very same conditions (83). Indeed
as it has been shown in our previous studies (83) prolonged incubation of rat
pancreatic islets with BL11282, leading to desensitization of the insulin response to
the compound, is accompanied by an increase in proteins involved in protein folding
(e.g. Hsp60, protein disulfide isomerase and calreticulin), metabolism (e.g. pyruvate
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kinase, α-enolase, transketolase, isocytrate dehydrogenase and 3-ketoacyl-CoA
thiolase), and exocytosis (e.g. calcyclin and Annexin I) (83).
4.2. The role of previously described targets for imidazolines in BL11282dependent stimulation of insulin secretion (papers II, III).
In this study we aimed to examine whether previously described targets for
imidazolines (KATP channels, α2-adreno- and I1-receptors and monomeric G-protein
Rhes) are involved in stimulation of insulin secretion by BL11282. In order to
evaluate the role of these targets we have used different experimental approaches, i.e.
desensitization, plasmid transfection and pharmacological inhibitors.
It has previously been shown that insulinotropic properties of imidazoline
compound BL11282 were not related to activation of KATP channels. For additional
verification of this fact we have examined a mouse model with a deletion of the
regulatory subunit, SUR1, of KATP channels (31) (paper II). Removing the SUR1
subunits blocks the assembly of Kir6.2 subunits into a functionally active channel and
transport from the ER (84; 85). Hence, insulin release in SUR1(-/-) islets stimulated by
BL11282 can not be attributed to the interaction of BL11282 with KATP channels.
Indeed, we have observed that BL11282 potentiated insulin secretion at a stimulatory
glucose level in islets from SUR1(-/-) knockout mice. These findings unambiguously
confirm the KATP channel-independent, glucose-dependent direct effect of BL11282
on insulin exocytosis.
Antagonism of α2-adrenoreceptors was believed to be the mechanism of action
of the imidazoline compound phentolamine (52; 53). To evaluate whether BL11282
possesses the α2-adrenergetic activity we used the α2-adrenergic antagonist yohimbine.
(paper II). Our experiments clearly showed that yohimbine itself or in combination with
BL11282 did not alter insulin secretion in pancreatic islets. Therefore, it can be
concluded that α2-adrenoreceptors are not involved in BL11282-mediated insulin
secretion.
It has been suggested that some imidazolines can interact with imidazoline I1receptors, activating PC-PLC (86; 87). This suggestion was based on the finding that
a selective I1-receptor agonist, moxonidine, increased the concentration of DAG and
phosphocholine in neurons and PC12 cells (87). An inhibitor of PC-PLC, D609,
blocked moxonidine effect on DAG concentration (87). To examine whether
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imidazoline BL11282 is involved in a signaling pathway coupled to I1-receptor/PCPLC we have used a selective I1-receptor antagonist AGN192403 (88) and PC-PLC
inhibitor D609 (89) (paper II). The data obtained show that both blockage of I1receptor with AGN192403 and PC-PLC with D-609 do not affect insulin secretion
induced by BL11282. These observations do not support the involvement of
imidazoline I1-receptors and PC-PLC in the stimulatory effect of BL11282 on insulin
secretion.
It has been suggested that a monomeric G-protein, Ras homologue expressed
in striatum (Rhes) (90), is an imidazoline-regulated protein (68) that is involved in the
KATP channel-independent stimulation of insulin secretion by the imidazoline
derivative efaroxan (paper III). This suggestion was based on observations regarding
changes in Rhes gene mRNA expression in rat islets and pancreatic β-cells after
prolonged culture with efaroxan. In our study, to test whether the Rhes protein is
involved in the regulation of the insulin secretion process by imidazoline compound
BL11282, we have evaluated the effect of this imidazoline on Rhes mRNA
expression in isolated rat islets maintained under conditions identical to those used by
Chan et al. (68). In addition, we have evaluated the influence of BL11282 on insulin
secretion in MIN6 cells transfected with Rhes and Rhes-antisense plasmids. As a
reference compound in all experiments we have used efaroxan.
Prolonged culture (18 h) of pancreatic islets with 100 μM efaroxan or 50 μM
BL11282 under, the same conditions as those used by Chan et al. (68), caused
desensitization of the islet response to the imidazoline compound, which is in
agreement with the previous report (68). In the study by Chan et al. (68), it was also
shown that desensitization of pancreatic islets to efaroxan was accompanied by a
significant decrease in Rhes mRNA expression. To verify this effect, we have carried
out semi-quantitative RT-PCR evaluation of Rhes mRNA levels in islets desensitized
either to efaroxan or BL11282, in comparison to control islets. mRNA of Rhes gene
is expressed in rat pancreatic islets but no significant changes in Rhes gene
expression could be detected in either efaroxan- or BL11282-treated islets, compared
to control.
For an additional verification of the putative role for Rhes in the
insulinotropic activity of imidazolines, we have used an alternative approach
involving either over-expression of Rhes or its down-regulation by a Rhes-antisense
construct. The transfection of MIN6 cells with plasmids containing Rhes or Rhesantisense does not affect either efaroxan- or BL11282-induced insulin secretion. In
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addition, up- or down-regulation of Rhes has no effect on glucose-stimulated insulin
release. Hence, the data obtained do not confirm the suggestion that Rhes is an
imidazoline-regulated protein and are not consistent with the proposal that the Rhes
protein is responsible for the direct stimulation of insulin exocytosis by imidazoline
compounds efaroxan and BL11282.
4.3. Comparison of BL11282-dependent signal-transduction with those pathways
that are involved in the stimulation of insulin secretion by GLP-1 (paper I).
Imidazoline compound BL11282 has been developed as an oral compound
possessing pure glucose-dependent insulinotropic activity, similar to the peptide GLP1. The cAMP system plays a key role in the mechanism of a pure glucose-dependent
insulinotropic activity of GLP-1. GLP-1 is a peptide which interacts with G-protein
coupled receptors and activates the Gs-adenylate cyclase-cAMP signaling pathway (33;
34). This leads to an increase in cAMP production and thereby stimulation of PKA and
the cAMP-GEF signaling pathway involved in insulin exocytosis (91; 92). Therefore, it
was important to evaluate whether and to what extent signal-transduction pathways of
BL11282 coincide with the GLP-1 pathway. Desensitization of islets to BL11282 does
not abolish the ability of GLP-1 to stimulate glucose-induced insulin release under
conditions where the peptide is added both in the absence and in the presence of
BL11282 (paper I, Fig. 3A).
However, islet desensitization to the imidazoline leads to a significant decrease
in the fold of potentiation of glucose-induced insulin release by GLP-1. In BL11282treated islets this fold stimulation is twice less than in control islets (paper I, Table 1).
This may suggest that BL11282 affects signal-transduction pathways involved in the
effects of GLP-1 on insulin secretion, i.e. cAMP/PKA/cAMP-GEFII·Rim2 pathways,
and prolonged incubation with the imidazoline leads to down-regulation of these
pathways. We have previously shown that BL11282-stimulated insulin secretion is
dependent on PKA activity (5).
The data on the effect of expression of dominant-negative cAMP-GEFII and
Rim2 (paper I, Fig. 3B) point to the importance of the cAMP-GEFII·Rim2 pathway in
BL11282-stimulated insulin secretion. Indeed, expression of dominant negative cAMPGEFII (G114E, G422D) and Rim2ΔA mutant protein in MIN6 cells led to a significant
reduction in insulin secretion stimulated by the imidazoline.
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4.4. Arachidonic acid signaling and stimulation of insulin secretion by BL11282
(paper II).
BL11282 was demonstrated to stimulate insulin exosytosis in islets at steps
distal to the rise in [Ca2+]i (5; 51). There are a number of suggestions in the literature
that arachidonic acid pathways are involved in the regulation of insulin secretion from
pancreatic β-cells, which takes place without concomitant increases in [Ca2+]i (93).
These pathways include either intact arachidonic acid or its biologically active
metabolites generated by cytochrome P-450, leading to epoxyeicosatrienoic acids (94;
95). In pancreatic islets arachidonic acid is released from phospholipids (mediated by
PLA2s activity) (44; 45). To evaluate the role of these pathways in BL11282stimulated insulin secretion we have used the inhibitors of these enzymes.
We have evaluated the effects of cPLA2 and iPLA2 inhibitors on BL11282stimulated insulin release under normal and depolarized conditions in pancreatic
islets. We used the inhibitors of cPLA2, AACOCF3 and BBPA. Under normal
conditions, the inhibitors AACOCF3 and BBPA did not affect glucose-stimulated
insulin secretion, while only partial suppression of BL11282-induced insulin release
was observed in the presence of AACOCF3 and BBPA inhibitors. However, under
depolarized conditions, when [Ca2+]i

was clamped, BBPA did not show any

inhibitory effect on BL11282-stimulated insulin secretion. Hence, this data indicate
that cPLA2 activity is not required for the direct, independent of [Ca2+]i changes,
effect of BL11282 on insulin secretion.
To further investigate this direct mechanism of BL11282 on insulin release, we
turned our attention to the [Ca2+]i-independent PLA2 isoform iPLA2β, which is
predominantly expressed in pancreatic islets and plays an important role in insulin
secretion in pancreatic islets and insulinoma cells (96). Our observations indicate a
deficiency in iPLA2β isoform expression in diabetic GK rat islets compared to Wistar
rat islets, this effect being in agreement with an impaired insulin response in GK rat
islets (97). Therefore, these findings support the idea that iPLA2β is an important
player in insulin secretion and reduction in iPLA2β expression can be one of the
causative factors of impaired insulin secretion under diabetic conditions. Addition of
BL11282 fully normalizes glucose-induced insulin release in pancreatic islets from
diabetic GK rats (51).
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The results with the use of BEL (bromoenol lactone), an inhibitor of iPLA2,
also point to the importance of the enzyme in the insulinotropic activity of BL11282.
Although BEL partially inhibits insulin release stimulated by high glucose
concentration under depolarized conditions when [Ca2+]i is clamped (paper II, Fig.
4B), a significant stimulation of insulin release by glucose is still present. However,
the presence of BEL completely blocked BL11282-induced potentiation of glucoseinduced insulin release. In the presence of BEL, the levels of stimulation of insulin
release by glucose either in the absence or presence of BL11282 are the same (paper
II, Fig. 4B). Hence arachidonic acid generation through the iPLA2 pathway is
necessary for the potentiation of glucose-stimulated insulin secretion by the
imidazoline. Indeed, BL11282 stimulated arachidonic acid release from the islets in
the presence of high glucose concentration and this effect was fully blocked by BEL
(paper II, Fig. 5). Thus, BL11282 effects on insulin secretion, occurring
independently from concomitant changes in [Ca2+]i, can be attributed to mechanisms
involving iPLA2 activity.
Cytochrome P-450 generated epoxyeicosatrienoic acids have been shown to
play a role in glucose-induced insulin secretion (98). In our previous work we have
demonstrated that there is a suppressive effect of the cytochrome P-450 inhibitor MB1-ABT (99) on insulin secretion induced by glucose and imidazoline compound
RX871024 (51). We have evaluated the effect of the cytochrome P-450 inhibitor MB1-ABT (99) on insulin secretion induced by glucose and BL11282. Incubation with
MB-1-ABT partially inhibited glucose-induced insulin secretion. However, the
inhibitor fully suppressed imidazoline-induced potentiation of glucose-stimulated
insulin secretion. In the presence of MB-1-ABT the level of stimulation of insulin
release by high glucose concentration is the same both in the absence or presence of
BL11282 (paper II, Fig. 4C). These observations suggest that arachidonic acid
metabolism by cytochrome P-450, leading to epoxyeicosatrienoic acids, is important
in potentiation of glucose-induced insulin release by the imidazoline compound
BL11282.
In conclusion, the results of this study suggest that potentiation of glucoseinduced insulin release by BL11282, independent of concomitant changes in [Ca2+]i,
involves release of arachidonic acid by iPLA2 and its metabolism to
epoxyeicosatrienoic acids through the cytochrome P-450 pathway.
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3 CONCLUSIONS
The molecular mechanisms underlying the stimulatory effect of a novel pure glucosedependent imidazoline derivative BL11282 on insulin secretion were defined in this
study. The following conclusions can be made:


Using SUR1(-/-) mice, we unambiguously confirmed the previous notion that
the insulinotropic activity of BL11282 is unrelated to its interaction with
ATP-dependent K+ channels.



BL11282 acts by mechanisms distinct from involving α2-adrenoreceptors,
imidazoline I1-receptors and imidazoline I1-receptor coupled PC-PLC
activation.



Our studies do not confirm the suggestion that Rhes is an imidazolineregulated protein and are not consistent with the proposal that the Rhes
protein is responsible for the direct stimulation of insulin exocytosis by
imidazoline compounds efaroxan and BL11282.



The results of our investigation point to the importance of the cAMPGEFII·Rim2 pathway in the effects of the pure insulinotropic imidazoline
compound BL11282.



Potentiation of glucose-induced insulin release by BL11282, independent of
concomitant changes in [Ca2+]i, involves release of arachidonic acid by iPLA2
and its metabolism to epoxyeicosatrienoic acids through the cytochrome P450 pathway.
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6 SUMMARY
In this study we investigated signal-transduction pathways involved in the
mechanisms of the pure glucose-dependent insulinotropic activity of the novel
imidazoline compound BL11282. In pancreatic β-cells imidazoline compound
BL11282 affects a number of targets involved in the regulation of insulin secretion
(Fig. 3).
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Fig. 3. Signal-transduction pathways involved in the mechanisms of the insulinotropic
activity of BL11282 in pancreatic β-cells.
Kir6.2 and SUR1 subunits of ATP-dependent K+ channel; α2, α2-adrenoreceptor; I1, I1-imidazoline
receptor; Rhes, monomeric G-protein, Ras homologue expressed in striatum; AC, adenylate cyclase;
GLP-1 R, GLP-1-receptor; GEFII, cAMP-regulated guanine nucleotide exchange factor II; Rim2, Rab3
interacting molecule; iPLA2, Ca2+-independent phospholipase A2; PL, phospholipids; LPL,
lysophospholipids; AA, arachidonic acid; EEA, epoxyeicosatrienoic acids; P450, cytochrome P-450

The insulinotropic effect of BL11282 is unrelated to its interaction with the
previously described targets for imidazolines, i.e.: ATP-dependent K+ channels, α2adrenoreceptors, I1-imidazoline receptors and monomeric G-protein Rhes. cAMPGEFII•Rim2 pathway is important in BL11282-stimulated insulin secretion. The
insulinotropic effect of BL11282, independent on concomitant changes in [Ca2+]i,
involves release of arachidonic acid by iPLA2 and its metabolism to
epoxyeicosatrienoic acids through the cytochrome P-450 pathway.
In addition, BL11282 improves β-cells sensitivity to glucose. Results of the
present study suggest that imidazoline compounds of the second generation, like
BL11282, may be considered as the potential drugs for type 2 diabetes treatment.
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