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Abstract  

The contribution of KATP channel-dependent and -independent signalling to the insulinotropic 

characteristics of imidazolines was explored using perifused mouse islets and cells. Up to a 

concentration of 100 µM efaroxan had no insulinotropic effect in the presence of a basal 

glucose concentration, but enhanced the effect of a stimulatory concentration of glucose or 

non-glucidic nutrients (ketoisocaproate plus glutamine). The secretion by a non-nutrient (40 

mM KCl) was not enhanced. At 500 µM efaroxan stimulated insulin secretion when glucose 

was basal. Similarly, at 0.1 to 10 µM RX871024 showed a purely enhancing effect, but at 100 

µM it elicited a strong KCl-like secretory response in the presence of basal glucose. At 0.1 

and 1 µM RX871024 did not significantly depolarize the cell membrane. However, at a 

purely enhancing drug concentration (10 µM RX871024 or 100 µM efaroxan) KATP channel 

activity was strongly reduced, the membrane was depolarized, and the cytosolic Ca2+ 

concentration was elevated in the presence of basal glucose. The insulin secretion by SUR1 

KO islets, which have no functional KATP channels, was neither increased by efaroxan (100 or 

500 µM) nor by 10 µM RX871024, but by 100 µM RX871024. The imidazolines 

phentolamine and alinidine (100 µM) were also ineffective on SUR1 KO islets. It is 

concluded that a significant KATP channel block is compatible with a purely enhancing effect 

of the imidazolines on nutrient-induced insulin secretion. Only RX871024 has an additional, 

non-depolarizing effect, which at a high drug concentration is able to elicit a KATP channel-

independent secretion.  
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Introduction  

The insulinotropic effect of the prototypical imidazoline, phentolamine was originally 

believed to be due to an antagonism at -adrenoceptors of the cell (Robertson and Porte, 

1973; Efendic et al, 1975). The observation that the insulinotropic effect of this compound 

was not shared by other antagonists at -adrenoceptors but was shared by other compounds 

with imidazoline moieties (Östenson et al., 1988, Schulz and Hasselblatt, 1989), led to the 

hypothesis that the insulinotropic effect was mediated by a -cell-specific subtype of the 

imidazoline receptor (Chan et al., 1994). In other tissues at least two non-adrenergic 

imidazoline binding sites have been identified and consequently the hypothetical -cell 

subtype was named I3-receptor (Eglen et al., 1998; Morgan, 1999). In contrast to the I1 and I2 

sites where binding occurs with nanomolar affinity, binding to I3 sites requires micromolar 

concentrations of the imidazoline (Rustenbeck et al., 1997).  

The demonstration that phentolamine and other imidazolines block KATP channels in 

pancreatic -cells offered an explanation for their insulinotropic property (Plant and Henquin, 

1990; Chan and Morgan, 1991). However, it remained unclear how the effect on the KATP 

channel was related to the non-adrenergic imidazoline binding sites on -cells (Rustenbeck et 

al., 1997). The concept of a -cell imidazoline receptor mediating multiple effects by signal 

transduction cascades was rendered less likely by the observation that the KATP channel block 

by imidazolines was exerted directly at Kir6.2, the pore-forming subunit of the channel (Proks 

and Ashcroft, 1997; Grosse-Lackmann et al, 2003). Kir6.2 was then suggested to be the 

correlate of the I3 receptor (Morgan, 1999, Monks et al., 1999). 

The demonstration that the imidazoline RX 871024 increased insulin secretion not 

only by blocking KATP channels, but also by acting at a site distal to Ca2+ influx led to the 

alternative hypothesis that imidazolines exert effects at multiple independent sites (Zaitsev et 

al., 1996). The experimental model to demonstrate the KATP channel-independent effect was 
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the permeabilized cell where the cytosolic calcium concentration ([Ca2+]
c
) was clamped by 

use of Ca2+-buffered incubation media. RX871024 (Zaitsev et al., 1996) and later on efaroxan 

(Chan et al., 2001) were shown to increase the insulin release from such permeabilized cell 

preparations. It was hypothesized that these imidazolines sensitize the exocytotic machinery 

to [Ca2+]c, which in turn would be increased by the KATP channel-blocking effect of these 

compounds. A similar combination of effects, comprizing a PKC-mediated sensitization of 

the exocytotic machinery in addition to a KATP channel block, has been suggested to explain 

the insulinotropic characteristics of sulfonylureas (Eliasson et al., 1996). The hypothesis that 

the dependency on stimulatory glucose concentrations is due to an effect at a site distal to 

Ca2+ influx appeared to be confirmed by the development of imidazolines (e.g. BL 11282 or 

NNC77-0074) which do not block KATP channels, but stimulate insulin secretion nevertheless 

(Efanov et al., 2001; Hoy et al., 2003). These imidazolines were then termed “second 

generation imidazolines“ to distinguish them from the KATP channel-blocking imidazolines 

which were termed “first generation imidazolines“ (Efendic et al., 2002).  

However, a sensitization of the exocytotic machinery to [Ca2+]
c
 should also amplify 

subthreshold signals of non-nutrient secretagogues and thus seems an unlikely explanation for 

the selective enhancement by efaroxan and RX871024 of the effect of suprathreshold glucose 

concentrations (Zaitsev et al., 1996; Efendic et al., 2002; Bleck et al., 2004). Here we present 

evidence that the selective enhancement does not consist in a sensitization of exocytosis to 

[Ca2+]
c
 increases, but in an enhanced efficacy of amplifying signals derived from the 

metabolism of suprathreshold concentrations of nutrient secretagogues (Henquin, 2000). In 

spite of this common property, only RX871024 but not efaroxan, phentolamine or alinidine 

had a KATP channel independent insulinotropic effect, arguing against an indispensable role of 

the distal site for the characteristics of imidazoline-induced insulin secretion. 
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Methods  

Chemicals. Efaroxan was purchased from Tocris-Cookson (Bristol, UK), quinine 

from Sigma (Taufkirchen, Germany) and tolbutamide from Serva (Heidelberg, Germany). 

Phentolamine was kindly donated by Novartis/Ciba-Geigy (Lörrach, Germany), alinidine by 

Boehringer Ingelheim (Ingelheim, Germany), and RX871024 by Reckitt and Colman 

(Kingston, UK). Fura-PE3/AM was purchased from TEF Labs (Austin, TX, USA). 

Collagenase P from Boehringer Mannheim/Roche Diagnostics (Mannheim, Germany), cell 

culture medium RPMI 1640 from Gibco/Invitrogen (Karlsruhe, Germany) and fetal calf 

serum from PAA (Cölbe, Germany). All other reagents of analytical grade were from E. 

Merck (Darmstadt, Germany).  

Tissue culture. Islets were isolated from the pancreas of NMRI or SUR1 KO mice (10 

to 14 weeks old) by a collagenase digestion technique and hand-picked under a 

stereomicroscope. Single cells were obtained by incubation of the islets for 10 min in a Ca2+-

free medium and subsequent vortex-mixing for 1 min. Islets and single islet cells were 

cultured in cell culture medium RPMI-1640 with 10 % fetal calf serum (5 mM glucose) in a 

humidified atmosphere of 95% air and 5% CO2 at 37°C.  

Electrophysiological recordings. KATP channel activity was measured by a standard 

patch-clamp technique using the cell-attached configuration (Hamill et al., 1981). Pipettes 

were pulled from borosilicate glass (2 mm o.d., 1.4 mm i.d., Hilgenberg, Malsfeld, Germany) 

by a two-stage vertical puller (List Electronic, Darmstadt, Germany ) and had resistances 

between 3 and 6 MOhm when filled with solution. Currents were recorded by an EPC 7 

patch-clamp amplifier (List Electronic), and low pass-filtered by a 4-pole Bessel filter at 2 

kHz and stored on a video tape. The pipette holding potential was 0 mV in cell-attached 

recordings. The membrane potential of -cells was determined using the whole-cell and 
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perforated patch modes under current clamp condition (Smith et al., 1990). Exposure to the 

test compounds and wash-out was done by changing the bath medium with a slow bath 

perfusion system. The compositions of the bath and pipette media were as given by Zünkler et 

al. (Zünkler et al., 1988). All experiments were performed at room temperature (20 - 23 °C). 

Data were analysed off-line using pClamp 6.03 software (Axon Instruments, Foster City, CA, 

USA). 

Microfluorimetric measurements of the cytosolic free Ca
2+

 concentration 

([Ca
2+

]c). Islets were cultured on collagen-coated glass cover slips in Petri dishes and were 

used from day 2 to 4 after isolation. Fura-2/AM was loaded at a concentration of 2 µM 

(dissolved in Krebs-Ringer medium with 5 mM glucose) for 45 min at 37 °C. The cover slip 

with the attached cells or islets was inserted in a purpose-made perifusion chamber on the 

stage of an epifluorescence microscope fitted with a Zeiss Fluar (40 x) objective. The 

fluorescence (excitation at 340 or 380 nm, emission > 470 nm) was recorded by a slow-scan 

CCD camera (TILL Photonics). All perifusions were performed at 35 °C using a HEPES-

buffered Krebs-Ringer bicarbonate medium. Image pairs were taken at intervals as indicated 

in the figures, illumination time for each image was 800 ms. RX871024, but not efaroxan 

proved to be fluorescent with an excitation maximum at 331 nm and a broad emission peak 

with a maximum at 460 nm. This necessitated to perform the experiments in duplicate using 

sham-loaded islets to subtract the RX871024 fluorescence from the Fura fluorescence 

emission.  

Electron microscopy. Collagenase-isolated islets from SUR1 KO mice were pooled 

and cultured in batches of 50 islets. After culturing for 20 h in RPMI 1640 with 100 µM 

efaroxan or RPMI 1640 alone (glucose concentration 5 mM), the islets were fixed for electron 

microscopy by immersing in a solution of para-formaldehyde (2 %) and di-glutaraldehyde (2 

%) in cacodylate buffer (0.1 M, pH 7.3), post-fixing in osmium tetroxide (1 %) for 1 h and 
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embedding in epoxy resin. Fifty-nm sections of the islets were cut by an ultramicrotome 

(Ultracut, Leica-Reichert-Jung, Germany), placed on nickel grids and contrast-stained with 

uranyl acetate and lead citrate. Transmission electron microscopy was performed using a 

Zeiss EM 9 electron microscope. Medium-sized islets (diameters about 150 µm) were chosen 

for ultrastructural examination of the granulation state. The analyzed islets contained 50 to 90 

-cells per section. Two independent incubations were performed for each condition. 

Measurement of insulin secretion. Batches of 50 freshly isolated NMRI or SUR1 

KO mouse islets were perifused (1 ml per min) at 37 °C with a HEPES-buffered Krebs-

Ringer medium containing the respective secretagogue. The insulin content in the fractionated 

effluate was determined by ELISA (Mercodia, Uppsala, Sweden).  

Data handling and statistics. Statistical calculations were performed by Prism and 

Instat software (GraphPad, San Diego CA, USA). If not specified otherwise, differences were 

considered significant if p  0.05. 
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Results  

Concentration-dependent changes in the insulintropic characteristics of 

imidazolines. The glucose dependency of the insulinotropic effect was characterized in 

dependence of the drug concentration. The experimental protocol was designed to assess the 

effect of the secretagogue in the presence of a substimulatory glucose concentration and then 

to raise the glucose concentration to a moderately stimulatory value to assess the enhancing 

effect of the secretagogue. Efaroxan at 10, 30 or 100 µM did not stimulate insulin secretion 

when the glucose concentration was 5 mM (Fig. 1A). When glucose was raised to 10 mM, the 

secretion was only slightly affected by 10 µM efaroxan, whereas 30 µM had a clear 

enhancing effect (Fig. 1A). After a first phase-like increase a plateau was established with a 

secretory rate of about 350 % of the prestimulatory level. In the presence of 100 µM efaroxan 

the stimulatory effect of 10 mM glucose was strongly enhanced, resulting in a first phase-like 

increase of secretion which peaked after 6 min at 710 % of the prestimulatory rate. After 10 

min a nadir was reached, thereafter the secretion rate increased again until to the end of the 

efaroxan perifusion (Fig. 1A). 500 µM efaroxan, in contrast, was markedly effective in the 

presence of 5 mM glucose, within 8 min a plateau of 520 % of the prestimulatory level was 

established. Raising the glucose concentration to 10 mM led to a further increase to 930 % 

which remained stable until to the end of the efaroxan exposure. Very low concentrations of 

efaroxan (0.1 and 1.0 µM) were entirely ineffective (Fig. 1A). 

The insulinotropic effect of 10 µM RX871024 resembled that of 30 or 100 µM 

efaroxan in that no stimulation of secretion was seen in the presence of 5 mM glucose, but a 

marked enhancement of secretion with a prominent first phase occurred when the glucose 

concentration was raised to 10 mM (Fig. 1B). At 100 µM RX871024 however, a completely 

different pattern emerged. After 4 min of exposure in the presence of 5 mM glucose a massive 

increase of secretion started, which peaked after 10 min at 1080 %. This was followed by a 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 10, 2009 as DOI: 10.1124/jpet.109.152751

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #152751 10

steady decline of secretion which was only transiently reversed when glucose was raised to 10 

mM (Fig. 1B). This response pattern resembled that of a strongly depolarising concentration 

of KCl (40 mM). Again, a very high peak value was quickly reached in the presence of 5 mM 

glucose and thereafter the secretion rate declined steadily and was only transiently increased 

when glucose concentration was raised to 10 mM (Fig. 1B). In contrast to efaroxan very low 

concentrations of RX871024 (0.1 and 1.0 µM) clearly enhanced the stimulatory effect of 10 

mM glucose (Fig. 1B). 

KATP channel block and plasma membrane depolarization by efaroxan and 

RX871024. The concentration-dependent change in the insulinotropic characteristics was 

compared with the concentration-dependent block of KATP channel activity. Efaroxan reduced 

the KATP channel activity in intact -cells to 45.4  4.9 % at 10 µM, 34.0  5.8 % at 30 µM, 

19.1  5.3 % at 100 µM and 8.2  2.4 % at 300 µM. Under the same condition, RX 871024 

reduced channel activity to 17.5  6.7 % at 10 µM and 4.3.  1.9 % at 100 µM. Thus, the 

KATP channel-blocking effect of 10 µM RX 871024 was equivalent with that of 100 µM 

efaroxan and the effect of 100 µM RX was not significantly different ( p = 0.23, t-test) from 

that of 300 µM efaroxan.  

Consistent with these data it was found that 10 µM RX871024 was significantly more 

effective than 10 µM efaroxan to depolarize the -cell membrane. RX871024 depolarized 

from a resting potential of -69.3  2.3 mV to -40.3  2.8 mV (n = 7), whereas efaroxan 

depolarized from -72.4  2.6 mV to -54.6  5.1 mV (n = 5). At 100 µM however, the 

membrane depolarization by RX 871024 (-26.3  2.5 mV, n = 5) was not significantly 

different from that by efaroxan (-28.6  3.4 mV, n = 7). At a very low concentration (0.1 µM) 

RX was unable to significantly depolarize the -cell membrane. In conclusion, RX871024 is 

clearly more potent as a KATP channel blocker than efaroxan, but at concentrations above 100 

µM, both compounds were practically equi-effective . 
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The role of [Ca2+]
c
 signalling in the imidazoline enhancement of glucose-induced 

insulin secretion. The relevance of [Ca2+]
c
 signalling for the glucose-dependency of the 

insulinotropic effect was measured using the the same experimental protocol as for the 

secretion measurements. A preceding perifusion with a high K+ concentration (40 mM) for 10 

min served as internal standard. In the presence of 5 mM glucose 10 µM efaroxan had a 

negligible effect on [Ca2+]
c
 (Fig. 2A). As under control condition, raising the glucose 

concentration to 10 mM evoked an immediate increase of [Ca2+]
c
 which developed into an 

oscillatory pattern. Similar slow oscillations of [Ca2+]
c
 were induced by 100 µM efaroxan in 

the presence of 5 mM glucose and continued with a higher frequency (0.31 min-1 vs 0.16 min-

1, n = 6 each) when the glucose concentration was raised to 10 mM (Fig. 2B). A transition 

from an oscillatory [Ca2+]
c
 increase to a sustained [Ca2+]

c
 increase occurred reproducibly by 

increasing the efaroxan concentration from 100 to 500 µM in the presence of 5 mM glucose 

(Fig. 2C).  

100 µM RX led to massive sustained increase of the fura fluorescence ratio (Fig. 3A). 

However, the extraordinary magnitude of this increase was largely due to the fluorescence of 

RX871024 itself, as could be shown by performing the same experiment with islets which had 

not been loaded with Fura (Fig. 3B). Calculating a net Fura fluorescence ratio revealed that 

RX871024 increased the [Ca2+]
c
 to about the same values as the preceding K+ depolarization 

(Fig. 3C). Because of the autofluorescence of RX871024 and the necessary correction 

procedure, the occurrence of [Ca2+]
c
 oscillations could not be observed.  

Efaroxan enhancement of insulin secretion induced by non-glucidic nutrients and 

non-nutrient stimuli. To test whether the enhancement of secretion by efaroxan was 

specifically dependent upon a stimulatory glucose concentration or more generally dependent 

upon a stimulatory concentration of any fuel secretagogue, the glucose content in the 

perifusion medium was replaced by the combination of ketoisocaproic acid (KIC) and 
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glutamine. At a concentration of 1 mM each, insulin secretion was basal, but raising the KIC 

concentration to 3 mM produced a moderate monophasic increase (Fig. 4A). 100 µM 

efaroxan had no effect in the presence of 1 mM KIC plus 1 mM glutamine, but the increase of 

secretion elicited by 3 mM KIC was markedly enhanced in the presence of 100 µM efaroxan 

(Fig. 4A).  

At a non-stimulatory concentration of glutamine plus KIC (1 mM each) repeated 

[Ca2+]
c
 waves were elicited by 100 µM efaroxan, this pattern continued when KIC was raised 

to 3 mM (Fig. 4B). When mean values were calculated, the transient increase of [Ca2+]
c
 

elicited by 3 mM KIC was clearly discernible above the plateau resulting from the phase-

shifted [Ca2+]
c
 waves elicited by efaroxan (Fig. 4C). Wash-out of efaroxan led to a return to 

basal levels (Fig. 4C). 

To measure the effect of efaroxan on the insulin secretion elicited by a non-nutrient 

stimulus the glucose concentration was kept at 5 mM throughout. Exposure to 40 mM KCl for 

10 min gave a marked secretory response which returned to baseline values within 15 min 

after the K+ concentration was reduced to the physiological level. Repeating the 10 min 

exposure to high K+ after an interval of 40 min gave a secretory response (area under the 

curve) which amounted to 64 % of the initial response (Fig 5A). When the second exposure to 

high K+ was performed in the presence of 100 µM efaroxan, the percentage was not 

significantly increased (85 % of the initial secretory response to KCl). In these experiments 

the exposure to efaroxan preceded the second K+ depolarization for 20 min, during this time 

no increase in secretion was observed (Fig. 5A). The 10 min K+ depolarization led to a square 

wave-like [Ca2+]
c
 increase which was essentially unchanged when the K+ depolarization was 

repeated after a 40 min interval (data not shown). When 100 µM efaroxan was added to the 

perifusion medium prior to the second K+ depolarisation, an oscillatory increase of [Ca2+]
c
 

resulted. The amplitude of the mean value corresponded to the plateau value of the [Ca2+]
c
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increase by K+ depolarization (Fig. 5B). The second K+ depolarization which was performed 

in the presence of efaroxan resulted in transient [Ca2+]
c
 peak discernible above the mean 

[Ca2+]
c
 value established by efaroxan (Fig. 5B).  

The contribution of KATP channel-independent signalling of the imidazolines to 

the glucose-dependency. To assess the role of KATP channel-independent effects in the 

secretory characteristics of efaroxan and RX 871024, isolated islets from SUR1 KO mice 

were perifused using the same protocol as for the initial secretion measurements (see Fig. 1). 

Neither at 5 mM glucose nor at 10 mM glucose did 100 µM efaroxan increase secretion by 

SUR1 KO islets. Even at 500 µM efaroxan was completely ineffective (Fig. 6A). Similarly, 

RX871024 at 0.1 and 10 µM was unable to significantly increase insulin secretion when the 

glucose concentration was raised to 10 mM. In contrast, a clear increase of secretion (2.5 

fold) was produced by 100 µM RX871024. However, this increase occurred already when the 

islets were perifused with 5 mM glucose. When the glucose concentration was raised to 10 

mM, a marked transient decrease down to the prestimulatory level occurred (Fig. 6B). To 

decide which of the response patterns can be regarded as typical for the class of KATP channel-

blocking imidazolines the effect of phentolamine and alinidine (100 µM each) on insulin 

secretion by SUR1 KO islets was characterized (Fig. 7) The secretory response of SUR1 KO 

islets to both compounds was negligible as compared to that of NMRI islets (Fig. 7A and B). 

Quinine, which like imidazolines blocks KATP channels at the pore-forming subunit had a 

moderate insulinotropic effect on SUR1 KO islets (Fig. 7C), but similar to RX871024 this 

effect was already visible in the presence of 5 mM glucose. The inefficiency of efaroxan to 

stimulate insulin secretion by SUR1 KO islets was confirmed by ultrastructural examination 

of the granulation state. A 20 h exposure to 100 µM efaroxan, which strongly degranulated -

cells in NMRI mouse islets, did not affect the content of insulin granules as compared with 

control-cultured SUR1 KO islets (Fig. 8).  
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Discussion  

In the present investigation we confirm the earlier observation, that the imidazoline RX 

871024 enhances insulin secretion at stimulatory, but not at subthreshold glucose 

concentrations and that this selectivity is lost at a higher drug concentration (Zaitsev et al., 

1996; Efendic et al., 2002). Our other observations, however, lead us to a reinterpretation as 

to the underlying mechanism of action. It has been proposed that the loss of selectivity at high 

concentrations of RX871024 ( 50 µM) was due to the KATP channel-blocking effect of this 

imidazoline (Efendic et al., 2002), since it is widely accepted that a block of KATP channels is 

sufficient to stimulate insulin secretion. Our recent observation that the imidazoline efaroxan 

did not stimulate insulin secretion of normal mouse islets at a basal glucose concentration, 

even though it reduced KATP channel activity, depolarized the plasma membrane and induced 

oscillatory increases in [Ca2+]
c
 under the same condition (Bleck et al., 2004), was not 

compatible with this explanation and prompted us to reassess the mechanism of action of 

KATP channel-blocking imidazolines. 

The secretion measurements in this study showed that similar to the insulinotropic 

effect of RX871024, that of efaroxan lost its selectivity for stimulatory glucose concentrations 

at a high drug concentration. The potency of the insulinotropic effect was paralleled by the 

potency of the KATP channel block, in both respects RX871024 being about 5 to 10fold more 

potent than efaroxan. 10 µM RX871024 and 100 µM efaroxan were similarly effective to 

inhibit KATP channel activity (by about 80 % in intact cells) and produced an insulinotropic 

effect of similar strength, which was selective for stimulatory glucose. With both compounds 

a reduction of KATP channel activity by about 95 % was paralled by a stimulatory effect at a 

basal glucose concentration.  

However, there was a remarkable qualitative difference between the stimulatory 

effects of high concentrations of efaroxan and of RX871024. While the secretion plateau 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 10, 2009 as DOI: 10.1124/jpet.109.152751

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #152751 15

induced by 500 µM efaroxan in the presence of 5 mM glucose could be further increased by 

raising glucose to 10 mM, 100 µM RX871024 produced a very high secretion peak in the 

presence of 5 mM glucose, which spontaneously turned into a steady decline, which could 

only transiently reverted by raising glucose to 10 mM. This pattern resembled that produced 

by a strongly depolarizing KCl concentration and is reminiscent of the earlier observations 

that the insulinotropic action of non-nutrient secretagogues leads to a decreased 

responsiveness upon renewed stimulation, whereas the opposite, a potentiation, results from 

nutrient stimulation (Nesher and Cerasi, 1987; Nesher and Cerasi, 2002).  

As a non-glucidic nutrient we used KIC in combination with glutamine. KIC requires 

a transamination partner to continuously produce both triggering and amplifying signals in the 

Krebs cycle (Gao et al., 2003; Panten and Rustenbeck, 2008). This way, high concentrations 

of KICcould be avoided, which have a direct blocking effect on KATP channels of the -cells 

(Heissig et al., 2005). As with glucose, efaroxan raised [Ca2+]
c
, but not insulin secretion when 

the KIC concentration was non-stimulatory. Raising the nutrient concentration to a 

stimulatory level revealed the enhancing effect of efaroxan on secretion. Apparently, efaroxan 

enhances not only glucose-induced secretion, but more generally, nutrient-induced insulin 

secretion, whereas it did not enhance the secretion elicited by a non-nutrient (40 mM KCl). 

Thus the earlier hypothesis that the characteristics of the imidazoline effect are due to a 

sensitization of the exocytotic machinery to [Ca2+]c (Zaitsev et al., 1996) may need revision.  

Concurrent with their KATP channel-blocking activity, both efaroxan and RX871024 

produced substantial increases of [Ca2+]
c
 in the presence of 5 mM glucose, which raises the 

question as to why this [Ca2+]
c
 increase was not transduced into an increased secretion. The 

characteristic feature of the [Ca2+]
c
 increase by efaroxan is its oscillatory nature. It has a 

frequency (0.3 min-1) like the slow [Ca2+]
c
 oscillation typically induced by moderate 

stimulatory glucose concentrations (Liu et al., 1998). Most likely, the [Ca2+]
c
 oscillation is the 
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direct consequence of the oscillatory cell membrane depolarisation elicited by efaroxan in 

the presence of 5 mM glucose (Bleck et al., 2005). The repolarization in spite of the 

continuous presence of efaroxan may result from to the marked susceptibility of the KATP 

channel block by efaroxan to the opening effect of nucleoside diphosphates (Wienbergen et 

al., 2007). The [Ca2+]
c
 oscillation caused by efaroxan may thus reflect an underlying 

oscillation of the ATP/ADP ratio at basal glucose levels (Dryselius et al., 1994).  

The observation that raising the efaroxan concentration from a nutrient-selective (100 

µM) to a nonselective level (500 µM) transformed the [Ca2+]
c
 oscillation into a sustained 

increase suggested a critical role of the oscillatory [Ca2+]
c
 pattern. On the other hand, a short 

term [Ca2+]
c
 increase by 40 mM KCl elicited a strong secretory response. Our earlier 

assumption that imidazolines may exert an inhibitory action distal to Ca2+ influx which is 

overcome by increased energy metabolism (Bleck et al., 2004, Bleck et al., 2005) cannot 

explain this discrepancy, since the insulinotropic effect of the short KCl pulse persisted 

practically unchanged in the presence of efaroxan. The difference may rather be due to the 

fact that 40 mM KCl has about the double depolarizing strength than a KATP channel closure 

(about 40 mV vs. 20 mV). Recently, it was described that a prolonged 20 mV depolarization 

by 15 mM KCl had only a modest transient effect on secretion (Hatlapatka et al., 2009). So, 

the oscillatory pattern may keep the [Ca2+]
c
 signal at a subthreshold level for secretion when 

the nutrient concentration is insufficient to activate metabolic amplifying pathways.  

RX871024-induced [Ca2+]
c
 oscillations could not be observed because of the 

fluorescence of aqueous solutions of this compound, which was not cancelled out by the 

ratiometric Fura measurements. This could be overcome by calculating a net Fura ratio from 

the mean values. Some earlier conclusions concerning the effects of RX871024 on [Ca2+]
c
 

may need reevaluation in light of this observation. Nevertheless, effects on intracellular Ca2+ 

handling by RX871024 could contribute to the different insulinotropic characteristics as 
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compared to the other KATP channel-blocking imidazolines (Efanov et al., 1998; Efanova et 

al., 1998).  

The role of KATP channel-independent signalling was tested by using islets of SUR1 

KO mice, which have no functional KATP channels in the endocrine pancreas (Seghers et al., 

2000). In an earlier investigation, 50 µM RX871024 increased insulin secretion from such 

islets three- to fourfold in the presence of both 3 or 17 mM glucose (Efanov et al., 2001). The 

increase of secretion by SUR1 KO mice in the present investigation was of a comparable 

magnitude, but it occurred only at the high (100 µM), but not at the low (10 µM) or very low 

(0.1 µM) concentration, which selectively enhance glucose-stimulated insulin secretion. In 

marked contrast to RX871024, efaroxan had practically no insulinotropic effect on SUR1 KO 

islets. This applied to both the nutrient-selective concentration (100 µM) and the non-

selective concentration (500 µM). The lack of effect was confirmed by the inability of 100 

µM efaroxan to affect the -cell granule content of SUR1 KO islets during a 20 h tissue 

culture, whereas cells in NMRI islets were markedly degranulated by this procedure 

(Rustenbeck et al., 2004).  

Phentolamine and alinidine, two other KATP channel-blocking imidazolines which 

were used in early studies on this group of compounds (Schulz and Hasselblatt, 1989; 

Rustenbeck et al., 1997; Proks and Ashcroft, 1997), were also unable to stimulate insulin 

secretion from SUR1 KO mice. On the other hand, quinine which similar to imidazolines 

blocks KATP channels at the pore-forming subunit and stimulates insulin secretion (Grosse-

Lackmann et al., 2003), but does not have an imidazoline moiety, had a moderate 

insulinotropic effect on SUR1 KO islets both in the presence of 5 and 10 mM glucose, similar 

to RX871024. Taken together, the present results suggest that the ability to elicit a KATP 

channel-independent insulin secretion is neither a general property of imidazoline 
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compounds, nor is it essential for the marked glucose dependency of their insulinotropic 

effect on normal mouse islets.  

In view of this heterogeneity, is the imidazoline moiety a pharmacophore with regard 

to the insulinotropic effect? The existence of the second generation imidazolines (Efanov et 

al., 2001; Hoy et al., 2003) and the inability of the imidazole analogue of efaroxan, KU14R, 

to enhance insulin secretion in spite of a KATP channel-blocking and depolarizing effect 

(Bleck et al., 2005) suggested that this is the case. In the latter report it was hypothesized that 

in addition to the KATP channel two imidazoline-specific sites of action would exist: one site 

which mediates the larger [Ca2+]
c
 increase of efaroxan as compared to KU14R and another 

site which mediates the enhanced response to nutrients. The present observations are best 

explained by assuming that this may be one and the same effect: the imidazoline induced 

increase in [Ca2+]c is practically insufficient to stimulate secretion on its own, but enhances 

the effect of nutrient stimuli, which activate the metabolic amplifying pathway(s) (Henquin, 

2000; Panten and Rustenbeck, 2008). Such a model would also explain why the insulin 

secretion by 40 mM KCl, which has no metabolic amplifying effect, was not enhanced. 

So is the selective enhancing effect of KATP channel-blocking imidazolines on 

nutrient-induced insulin secretion only due to their limited depolarizing effect? This appears 

to be true for efaroxan, phentolamine and alinidine, but not for RX871024. At 0.1 µM, 

RX871024 enhanced glucose-induced insulin secretion, but did not yet significantly 

depolarize -cells. Apparently, RX871024 has two mechanisms of action with different 

concentration dependencies, one depolarizing and one non-depolarizing, both of which are 

compatible with a purely enhancing characteristic at the lower concentration range. The 

accumulation of PLA2 reaction products like arachidonic acid might be compatible with such 

a non-depolarizing effect (Sharyoko et al., 2007, Jones et al., 2004). At a high concentration 

of RX871024 the combination of both effects may be responsible for the massive stimulation 
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of secretion which exceeded the maximal effect of efaroxan. The nutrient-selective 

insulinotropic effect of the second generation imidazolines, the molecular mechanism of 

which has eluded clarification up to now, would then be phenomenologically similar, but 

mechanistically unrelated to that of the first generation imidazolines.  
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Legends for Figures:  

FIG. 1. Concentration-dependent change in the glucose-dependency of the insulinotropic 

effect of imidazolines (A) Freshly isolated islets were perifused with Krebs-Ringer medium 

containing 5 mM glucose for 90 min. From 60 min to 120 min the medium contained either 1 

µM (open circles), 30 µM (closed circles), 100 µM (open squares) or 500 µM (closed 

squares) efaroxan. From 90 min to 130 min the glucose concentration was increased to 10 

mM. The effect of 1 µM efaroxan was not significantly different from that of glucose alone 

(control = solid line) as was that of 10 µM (not shown). Only at 500 µM, efaroxan was 

effective in the presence of 5 mM glucose. Values are means ± SEM of 3 to 5 experiments. 

(B) Freshly isolated islets were perifused with Krebs-Ringer medium containing 5 mM 

glucose for 90 min. From 60 min to 120 min the medium contained 0.1 µM (open circles), 1.0 

µM (closed circles), 10 µM (open squares) or 100 µM (closed squares) of RX871024. From 

90 min to 130 min the glucose concentration was increased to 10 mM. Note that the strong 

stimulatory effect of 100 µM RX871024 is different from the effect of 500 µM efaroxan in 

that the massive increase was followed by a decline which could only be transiently overcome 

by raising the glucose concentration to 10 mM. This characteristic resembles the effect of 40 

mM KCl (dotted line) under the same condition. Values are means ± SEM of 4 or 5 

experiments. 

FIG. 2. Concentration-dependent effects of efaroxan on [Ca2+]c of perifused pancreatic islets. 

Fura 2-loaded islets were perifused with Krebs-Ringer medium containing 5 mM glucose. 

After a depolarization with 40 mM K+ for 10 min the islets were perifused with 10 µM (A) or 

100 µM (B) of efaroxan. In the continued presence of the drug, the glucose concentration was 

raised from 5 to 10 mM. This perifusion protocol corresponds to that of the secretion 

measurements shown in Fig.1. The response pattern obtained with 10 µM efaroxan - no 

[Ca2+]c increase in the presence of 5 mM glucose and oscillatory [Ca2+]c increase after raising 
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glucose to 10 mM - corresponded to that of a control experiment. (C) Raising the efaroxan 

concentration from 100 to 500 µM in the continuous presence of 5 mM glucose led to a 

transition from an oscillatory to a sustained [Ca2+]c increase. Shown are traces from 6 

subregions of a single islet to demonstrate the synchronous oscillatory character of the [Ca2+]c 

increase. Representative recordings of 4 to 5 experiments each.  

FIG. 3. Effect of RX871024 on [Ca2+]c of perifused pancreatic islets. Fura 2-loaded islets 

were perifused with Krebs-Ringer medium containing 5 mM glucose. (A) After a 

depolarization with 40 mM K+ for 10 min the islets were perifused with 100 µM RX871024. 

In the continued presence of the drug, the glucose concentration was raised from 5 to 10 mM. 

This perifusion protocol corresponds to that of the secretion measurements shown in Fig.1. 

Note the massive increase in the Fura fluorescence ratio by addition of RX871024. (B) The 

same experiment as in (A) performed without Fura-loading of the islet. Note there is no 

fluorescence ratio increase during K+ depolarization, but after addition of 100 µM RX871024, 

suggestive of autofluorescence of this compound. (C) The net Fura fluorescence ratio by 

subtracting the recordings obtained without Fura loading from the recordings of the regular 

experiments. Note that the amplitude of the [Ca2+]c increase is now in the range of that of the 

preceding K+ depolarization. Representative traces of 4 to 5 experiments each.  

FIG. 4. Nutrient-dependency of the insulinotropic effect of efaroxan. (A) Freshly isolated 

islets were perifused with Krebs-Ringer medium containing non-glucidic nutrients (1 mM 

glutamine and 1 mM KIC) for 110 min. From 80 min to 140 min the medium contained 100 

µM efaroxan (closed circles). From 110 min to 140 min the KIC concentration was increased 

to 3 mM. In the control experiment (open circles) efaroxan was absent. Efaroxan had a clear 

enhancing effect when the KIC concentration was raised. (B) Effect of efaroxan on [Ca2+]c of 

a Fura 2-loaded islet using the same perifusion protocol as for the secretion measurements 

shown in (A). Shown are traces from 6 subregions of a single islet to demonstrate the 
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synchronous oscillatory character of the [Ca2+]c increase. (C) Mean values ± SEM of 5 

experiments as shown in (B). Note the increase of [Ca2+]c in the presence of basal 

concentrations of the nutrients and the reversibility after efaroxan washout. 

FIG. 5. Inability of efaroxan to enhance non-nutrient induced insulin secretion. (A) Freshly 

isolated islets were perifused with Krebs-Ringer medium containing 5 mM glucose 

throughout. From 60 min to 70 min and again from 110 min to 120 min the K+ concentration 

was raised to 40 mM. 100 µM efaroxan (closed circles) was present from 90 min to 130 min, 

i.e. the second K+ depolarization took place in the presence of efaroxan. In the control 

experiment (open circles) efaroxan was absent throughout. Values are means ± SEM of 4 

experiments each. (B) Effect of efaroxan and KCl on [Ca2+]c of perifused islets. A Fura 2-

loaded islet was perifused with Krebs-Ringer medium containing 5 mM glucose throughout. 

KCl was raised to 40 mM first in the absence, then in the presence of efaroxan. Note the 

efaroxan-induced increase of [Ca2+]c in the presence of 5 mM glucose. Values are means ± 

SEM of 5 experiments.  

FIG. 6. Comparison of the effect of efaroxan and RX871024 on insulin secretion by SUR1 

KO islets. (A) Freshly isolated SUR1 KO islets were perifused with Krebs-Ringer medium 

containing 5 mM glucose for 90 min. From 60 min to 120 min the medium contained 100 µM 

(open circles) or 500 µM (closed circles) of efaroxan. From 90 min to 130 min the glucose 

concentration was increased to 10 mM.. Values are means ± SEM of 4 experiments. (B) 

Freshly isolated SUR1 KO islets were perifused with Krebs-Ringer medium containing 5 mM 

glucose for 90 min. From 60 min to 120 min the medium contained 100 µM (closed squares), 

10 µM (open squares), 0.1 µM (closed circles), or no RX871024 (control = open circles), 

From 90 min to 130 min the glucose concentration was increased to 10 mM. The effect size 

(pg / min x islet) of glucose stimulation alone can be estimated from Fig. 7C. Values are 

means ± SEM of 4 experiments. 
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FIG. 7. Lack of insulinotropic effect of imidazolines on islets from SUR1 KO mice. (A) 

Freshly isolated SUR1 KO islets (closed circles) and NMRI islets (open circles) were 

perifused with Krebs-Ringer medium containing 5 mM glucose for 90 min. From 60 min to 

120 min the medium contained 100 µM phentolamine. From 90 min to 130 min the glucose 

concentration was increased to 10 mM. Values are means ± SEM of 4 experiments. (B) 

Freshly isolated SUR1 KO islets (closed circles) and NMRI islets (open circles) were 

perifused with Krebs-Ringer medium containing 5 mM glucose for 90 min. From 60 min to 

120 min the medium contained 100 µM alinidine. From 90 min to 130 min the glucose 

concentration was increased to 10 mM.. Values are means ± SEM of 4 experiments. (C) 

Freshly isolated SUR1 KO islets were perifused with Krebs-Ringer medium containing 5 mM 

glucose for 90 min. From 60 min to 120 min the medium contained 100 µM quinine (closed 

circles) or no further addition (control = open circles, same as in Fig. 6B). From 90 min to 

130 min the glucose concentration was increased to 10 mM. In the presence of quinine the 

secretion (area under the curve from 60 to 120 min) was significantly increased. Values are 

means ± SEM of 4 to 5 experiments. 

FIG. 8. Effect of a long-term exposure to efaroxan on the ultrastructure of pancreatic -cells 

in SUR1 KO islets. Isolated pancreatic islets were cultured for 20 h in RPMI 1640 with 5 mM 

glucose in the presence (A) or absence (B) of 100 M efaroxan. The cells in control-

cultured SUR1 KO islets had a content of insulin granules which was comparable to that of 

normal NMRI mouse -cells. There was no degranulation by the exposure to efaroxan. 

Magnification 4000 x.  
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