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ABSTRACT 

The ryanodine (RY) receptors in β-cells amplify signals by Ca2+-induced Ca2+ release (CICR). 
The role of CICR in insulin secretion remains unclear in spite of the fact that caffeine is known 
to stimulate secretion. This effect of caffeine is attributed solely to the inhibition of cAMP-
phosphodiesterases (cAMP-PDEs). We demonstrate that stimulation of insulin secretion by 
caffeine is due to a sensitization of the RY receptors. The dose-response relationship of caffeine-
induced inhibition of cAMP-PDEs was not correlated with the stimulation of insulin secretion. 
Sensitization of the RY receptors stimulated insulin secretion in a context-dependent manner, 
that is, only in the presence of a high concentration of glucose. This effect of caffeine depended 
on an increase in [Ca2+]i. Confocal images of β-cells demonstrated an increase in [Ca2+]i induced 
by caffeine but not by forskolin. 9-Methyl-7-bromoeudistomin D (MBED), which sensitizes RY 
receptors, did not inhibit cAMP-PDEs, but it stimulated secretion in a glucose-dependent 
manner. The stimulation of secretion by caffeine and MBED involved both the first and the 
second phases of secretion. We conclude that the RY receptors of β-cells mediate a distinct 
glucose-dependent signal for insulin secretion and may be a target for developing drugs that will 
stimulate insulin secretion only in a glucose-dependent manner. 
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P ancreatic β-cells are fuel sensors that secrete insulin in order to regulate plasma glucose 
levels even during fasting states. During the postprandial period, there is an increase in the 
concentration of nutrients and incretins, as a result of which an increase in insulin 
secretion occurs. Glucose-stimulated insulin secretion involves various forms of changes 

in the cytosolic free Ca2+ concentration ([Ca2+]i) in β-cells. At least three groups of Ca2+ channels 



mediate such changes. First are the voltage-gated Ca2+ channels that are localized in specific 
plasma membrane domains close to the exocytotic sites (1). Second are the inositol (1, 4, 5)-
trisphosphate receptors, which open when phosphatidyl inositol-specific phospholipase C is 
activated and causes a global increase in [Ca2+]i (1). Third, the ryanodine (RY) receptors have 
been described in β-cells (2, 3). These channels are abundant in muscle cells, but many excitable 
and some nonexcitable cells express them at variable levels. 

Low concentrations of caffeine sensitize the RY receptors to activation by Ca2+ whereas higher 
concentrations can directly activate these channels. The maximal release of Ca2+ by caffeine, 
such as occurs in situ, is a two-step process. In the first step, there is a small release of Ca2+. In 
the second step, the released Ca2+ acts on a cluster of RY receptors to trigger a massive release of 
Ca2+ (4). In most cells, Ca2+-induced Ca2+ release (CICR) is due to activation of RY receptors 
(5). An exception to this is the hepatocyte where caffeine releases Ca2+ without the involvement 
of RY receptors (6), and an as yet unknown channel mediates CICR (7). In intact β-cells, in situ 
activation of the RY receptors has been shown to be context-dependent (3, 8). If the appropriate 
context is missing, caffeine cannot exert its usual effect to cause a large release of Ca2+, and this 
fact may account for the earlier conclusion that β-cells lack RY receptors (9). Whereas CICR in 
β-cells is glucose-dependent (3, 10, 11), glucose per se does not sensitize the RY receptors. Our 
view of the molecular basis of the context that allows CICR is as follows (8). As a result of 
glucose metabolism, there is an increase in pH; a reduction in [Mg2+]i (12); the generation of 
ATP, fructose-1,6-diphosphate (13), long-chain acylCoA (14), and cyclic ADP ribose (15); and 
more filling of the endoplasmic reticulum (ER) (16). cAMP-linked hormones favor CICR by 
phosphorylation of the channel and by promoting ER filling (11, 17). Together, these changes 
constitute a suitable context for triggering of CICR in β-cells. In β-cells, two isoforms of the RY 
receptor, RY2 and RY3, are expressed (3, 11, 15, 18). However, there is no consensus about the 
roles of these channels in insulin secretion. Nevertheless, it is widely known that caffeine 
promotes insulin secretion in the presence of high glucose. This effect of caffeine is attributed to 
the inhibition of cAMP-phosphodiesterases (cAMP-PDEs) and the effects of cAMP on 
exocytosis (19�21). High concentrations (>10 mM) of caffeine depolarize the plasma membrane 
of β-cells by inhibiting ATP-sensitive potassium channels (KATP). The resultant Ca2+ entry 
through the voltage-gated Ca2+ channels increases [Ca2+]i and triggers secretion (22). This effect 
of caffeine on secretion is independent of RY receptors, cAMP, and prevailing glucose levels 
(23). 

Ca2+ entering through the voltage-gated channels may activate downstream channels such as the 
inositol (1, 4, 5)-trisphosphate receptors and the RY receptors, which are essentially Ca2+-gated 
Ca2+ channels. Such CICR amplifies Ca2+ signals initiated by Ca2+ entering through the voltage-
gated Ca2+ channels in β-cells (24, 25). As described previously, CICR in β-cells is a context-
dependent phenomenon (3, 11), suggesting that this multistep process might constitute a distinct 
signal for insulin secretion. To date, there is no direct evidence as to whether CICR through RY 
receptors can affect secretion per se in β-cells. In the present study, we examined the role of RY 
receptors in insulin secretion and found that these channels integrate the signals for stimulating 
secretion in a distinct context-dependent manner. Furthermore, CICR appears to be a potential 
target for developing antidiabetic agents that would stimulate insulin secretion in a glucose-
dependent manner. 



MATERIALS AND METHODS 

Cell culture 

Glucose-responsive clonal insulinoma cells (INS-1E) were cultured in RPMI-1640 medium 
supplemented with fetal bovine serum (FBS) (5%, v/v), penicillin (50 i.u. /ml), streptomycin (50 
µg/ml), 2-mercaptoethanol (50 µM), HEPES (10 mM), and sodium pyruvate (1 mM) (26). The 
medium was changed every other day. 

Insulin release from cells 

INS-1E cells (200,000/well) were seeded in 24-well plates and cultured for 6�7 days before 
using them for insulin release assay. On the day of the experiment, cells were incubated in RPMI 
without glucose for 2 h. Cells attached to the wells were then washed three times with warm 
(37°C) medium (KRBH) containing (in mM) NaCl 140, NaHCO3 2, KCl 3.6, NaH2PO4 0.5, 
MgSO4 0.5, HEPES 10, CaCl2, 1.5, and bovine serum albumin (BSA) 0.1% and were incubated 
for 30 min at 37°C. Cells were then incubated with 500 µl of the test solutions by adding solution 
to one well at a time every 20 s. After 1 h of incubation, 200 µl of supernatant was transferred to 
Eppendorf tubes, again one well at a time, every 20 s. The collected materials were then 
centrifuged, and supernatants were used for insulin ELISA. 

Islet preparation 

Normal lean mice (BALB/c, Bomholtgård, Ry, Denmark) weighing 20�25 g were starved 
overnight, and islets were isolated by collagenase digestion and the dextran purification method 
(27). Islets were then cultured overnight in RPMI 1640 medium containing 10% FBS, 11.2 mM 
glucose, 60 i.u./ml penicillin, and 60 µg/ml gentamicin, in a water-saturated atmosphere of air 
and 5% CO2. 

Insulin release from islets 

Groups of 50 islets were transferred to a perifusion chamber housed in an infant incubator at 
37°C. They were perifused at a rate of 1 ml/min with Krebs-Ringer bicarbonate buffer 
supplemented with 20 mM HEPES, 0.1% BSA, glucose, and drugs as required. The buffer was 
continuously gassed with 95% O2 and 5% CO2. The islets were perifused for 30 min with this 
medium containing 2 mM glucose, followed by a 40-min stimulation with 11.2 mM glucose 
alone (control) or 11.2 mM glucose plus drugs. During the last 5 min of perifusion with 2 mM 
glucose, we collected three samples of effluent to measure the basal rate of insulin secretion. 
After switching to the 11.2 mM glucose, we sampled the effluent every minute for the first 5 min 
and then at 5-min intervals. The average rate of insulin secretion (ng/min/50 islets) was 
calculated by integrating individual perifusion profile. Insulin was measured by 
radioimmunoassay, using crystalline mouse insulin as standard (27). 

Phosphodiesterase assay 

Rat insulinoma cells were detached from the flasks by trypsin-EDTA. The cells were 
homogenized in Tris buffer containing (in mM) Tris 10, sucrose 250, EDTA 1.0, 
phenylmethylsulfonyl fluoride 0.01, and benzamidine 1.0. The homogenates were centrifuged 



(48,000g, 20 min, 4°C). Both soluble extracts and the pellet were assayed for cAMP-PDE 
activity, with 0.5 µM 2,8-[3H]-cyclic AMP as substrate (28, 29). Assays were performed by the 
two-step radiometric assay under linear rate formation of product and where <10% of substrate is 
used. Activity was expressed as pmol/min/ml and percentage inhibition of the control value. 

Measurement of cAMP content 

INS-1E cells (20,000/well) were cultured for 3 days in 24-well plates. On the day of the 
experiments, cells were washed and incubated for 30 min at 37°C in the KRBH buffer containing 
3 mM glucose. Cells were then washed again, and solutions containing 11.2 mM glucose and test 
substances were added. After 10 min, incubations were terminated by removing the medium and 
precipitating cell protein in 80% ice-cold ethanol. Cells were then scraped, and all contents of the 
wells were transferred to tubes. After centrifugation at 14,000 rpm for 5 min, the supernatants 
were collected and freeze-dried overnight. The cAMP content in each sample was determined 
with a radio ligand-binding assay, using a bovine heart cAMP binding protein as previously 
described (30). 

Confocal microscopy imaging 

INS-1E cells were incubated in medium containing 5 mM glucose and 5 µM fluo-3 AM for 30 
min followed by 10 min in medium without fluo-3. Coverslips were mounted in a superfusion 
chamber, which was superfused with physiological solution at 3 ml/min. A three-way solenoid 
valve system allowed for rapid exchange of solutions. The dead space of the system (from valve 
inlet to chamber) was ∼0.5 ml. The flow was increased to 6 ml/min 15 s before switching from 
control solution to experimental solutions and reduced back to 3 ml/min after return to normal 
solution. [Ca2+]i was recorded with a BioRad (Hercules, CA) laser scanning confocal system 
(BioRad MRC 1024) attached to a Nikon (Düsseldorf, Germany) Diaphot 200 inverted 
microscope equipped with Nikon Plan Apo 60x 1·4 NA oil immersion objective. Fluo-3 was 
excited at 488 nm (15 mW krypton-argon mixed gas laser, intensity attenuated to 3%), and the 
emitted light was collected through a 522-nm narrow-band filter. Images were obtained with the 
iris closed to the minimum size that was compatible with good image quality. For each image, 3× 
Kalman averaging was used. Images were stored and converted to pseudo-color images, using 
Scion Image software (Scion Corporation, Frederick, MD). 

Ratios were calculated using the initial fluorescence (F0) and the observed fluorescence (F), with 
the equation R = F/F0, and these ratios were subsequently converted into [Ca2+]i by using the 
equation [Ca2+]i = RxKD/[(KD/resting [Ca2+]i)�R]. KD, the apparent dissociation constant of fluo-
3 at 25°C, was taken to be 480 nM. Resting [Ca2+]i in these cells under the conditions of the 
experiment was 35 nM. All experiments were performed at room temperature (25°C). 

Measurement of [Ca2+]i by microfluorometry 

Mouse β-cells plated on glass coverslips were incubated in RPMI 1640 medium containing 0.1% 
BSA and 0.6 µM fura-2AM for 30 min. Cells were then incubated for an additional 10 min in the 
basal medium containing 3 mM glucose. [Ca2+]i was measured as described previously with the 
modifications that an Olympus (Süddeutschland, Germany) microscope and a M-39/2000 
RatioMaster fluorescence system (PhotoMed, Seefeld, Germany) were used (3). 



Materials 

INS-1E rat insulinoma cells were from C. B. Wollheim and P. Maechler, Geneva. Caffeine, 
isocaffeine, glucose (G-5146), and dantrolene were from Sigma (St. Louis, MO). 3,9-
Dimethylxanthine was from Fluka (Buchs, Switzerland). RY and thapsigargin were from 
Calbiochem (San Diego, CA). 9-Methyl-7-bromoeudistomin D (MBED) hydrochloride was from 
Dr. Guy Nadler, SmithKline Beecham (Saint-Grégoire, France). 3H-cyclic AMP was from 
Amersham (Little Chalfont, UK). Rat insulin ELISA kit was from Mercodia AB (Uppsala, 
Sweden). 125 I-insulin was from Euro-Diagnostica AB (Malmö, Sweden). 

RESULTS 

To test whether RY receptors in β-cells are involved in insulin secretion, we tested the effect of 
caffeine on the INS-1E cells (26). Caffeine (2.5 mM) stimulated insulin secretion in a context-
dependent manner (Fig. 1A). It did not alter insulin secretion in the presence of 3 mM glucose 
but stimulated secretion in the presence of 11.2 mM glucose. Stimulation of insulin secretion by 
caffeine was observed even when the effect of glucose on KATP channel was bypassed by 
diazoxide and KCl (Fig. 1B). Note that caffeine induces CICR and increases [Ca2+]i under such 
conditions (3, 11). To determine whether the insulin secretion evoked by caffeine was due to 
sensitization of the RY receptors or could be accounted for by inhibition of cAMP-PDEs alone, 
we used two caffeine analogs that have been reported not to inhibit cAMP-PDEs (31) but 
sensitize the RY receptors (32, 33). Isocaffeine, a 9-substituted isomer of caffeine (2.5 mM) 
stimulated insulin secretion significantly (Fig. 1C). Another 9-substituted methylxnanthine, 3,9-
dimethylxanthine (2.5 mM), which sensitizes the RY receptors of β-cells (3), was equally 
effective as caffeine in stimulating insulin secretion (Fig. 1C). In these experiments, we used 
methylxanthines at a concentration of 2.5 mM. The effects of caffeine and its two analogs on 
cAMP-PDE activity in rat insulinoma cells are shown in Figure 1D. Isocaffeine (2.5 mM) did not 
inhibit cAMP-PDEs but still stimulated insulin secretion (cf., Fig. 1D and 1C). 3,9-
Dimethylxanthine (2.5 mM) was slightly less potent than caffeine in inhibiting cAMP-PDEs but 
was just as effective as caffeine in stimulating insulin secretion (cf., Fig. 1D and 1C). These 
results suggest that the effect of caffeine on insulin secretion cannot be fully attributed to 
inhibition of cAMP-PDEs. 

Concentration-response curves of caffeine for the inhibition of cAMP-PDEs and the stimulation 
of insulin secretion are shown in Figure 2. At a concentration of as low as 0.25 mM, caffeine 
caused near-maximal stimulation of insulin secretion (Fig. 2B), whereas it inhibited cAMP-PDEs 
by only ∼18%. Maximal inhibition of cAMP-PDEs was achieved with ∼3 mM caffeine, whereas 
maximal stimulation of secretion was achieved with only 0.25�0.75 mM caffeine. There was a 
negative correlation between cAMP-PDE inhibition by caffeine and stimulation of secretion by 
the xanthine drug (Fig. 2C), suggesting that a sensitization of the RY receptors might underlie 
the caffeine-stimulated secretion. Caffeine (0.25�3.0 mM) did not increase cAMP content in 
these cells. In the cells that were treated with 0.75 mM caffeine (a concentration that stimulated 
insulin secretion maximally), cAMP content was 2.29±1.10 pmol/20,000 cells, whereas that in 
the untreated cells was 3.14±1.11 pmol/20,000 cells (P=0.6, n=4). 

To examine whether caffeine increases [Ca2+]i in these cells, we imaged fluo-3-loaded cells by 
confocal laser scanning microscopy (Fig. 3). [Ca2+]i changes are represented by pseudo-colors, 



where blue and red indicate low and high [Ca2+]I, respectively. Caffeine (5 mM) induced a rapid 
and transient increase in [Ca2+]i in these cells. The [Ca2+]i increase was global, and we were not 
able to detect any clear initiation sites for the increase in [Ca2+]i. An increase in [Ca2+]i by 
caffeine cannot be due to cAMP, because forskolin did not increase [Ca2+]i (Fig. 3, lower panel). 
Figure 4 shows effects of 1.5 mM caffeine on fura-2-loaded single mouse β-cells stimulated by 
glucose. Caffeine initiated CICR in the form of regenerative Ca2+ spikes that were superimposed 
on the glucose-induced increase in [Ca2+]i. We have previously reported that 3,9-
dimethylxanthine also promotes CICR in single β-cells under similar conditions (3). Because the 
effects of isocaffeine on RY receptors are variable in different cells, we tested its effect on 
[Ca2+]i in single β-cells. Isocaffeine (1.5 mM) also induced regenerative Ca2+ spikes, but the 
spikes were less frequent with isocaffeine than with caffeine (Fig. 4). In β-cells, such 
regenerative Ca2+ spikes obtained with caffeine represent CICR through the RY receptors (3, 11, 
17, 24). 

To examine whether release of Ca2+ from the ER was involved in the stimulation of secretion by 
caffeine, we tested the effect of caffeine on cells whose ER Ca2+ stores were first depleted by 
prolonged inhibition of SERCA by thapsigargin (Fig. 5A). Basal insulin secretion in Ca2+-
depleted cells was not different compared with that in control cells. The glucose-dependent 
caffeine-stimulated secretion was significantly reduced but not abolished in thapsigargin-treated 
cells. This suggests that release of Ca2+ from the ER by caffeine is one of the mechanisms by 
which caffeine stimulated insulin secretion in a glucose-dependent manner. A high concentration 
of RY is expected to inhibit the RY receptors. However, a 1-h exposure of the cells to 100 µM 
RY did not alter the glucose-induced insulin secretion. The insulin secretion rates (ng/106cell/h) 
in control and RY-treated cells were 226±32 and 193±11 (n=4), respectively. The stimulation of 
secretion by caffeine (0.75 mM) was also not reduced by RY, and the insulin secretion rates in 
control and RY-treated cells were 328±22 and 354±34, respectively. Glucose-dependent 
stimulation of insulin secretion by caffeine was abolished in the presence of dantrolene (75 µM), 
an inhibitor of RY receptors (Fig. 5B). 

We tested the effect of another sensitizer of the RY receptor in order to obtain conclusive proof 
about the involvement of this channel in insulin secretion. We used a eudistomin D derivative, 
MBED, which sensitizes CICR by acting on the caffeine binding site of the RY receptors (34, 
35). MBED did not inhibit cAMP-PDEs in INS1-E cells (Table 1). Like caffeine, MBED (50 
µM) increased [Ca2+]i in INS-1E cells (Fig. 6). The MBED-induced increase in [Ca2+]i was 
slower compared with that observed in the presence of caffeine (cf., Fig. 3, upper panel). MBED 
increased [Ca2+]i at localized sites, which eventually resulted in a global increase that 
subsequently returned to the resting level in spite of the continued presence of the compound. 
MBED also stimulated insulin secretion in a glucose-dependent manner (Fig. 7). Stimulation of 
insulin secretion by MBED was concentration-dependent and in this regard, it was more potent 
than caffeine (Fig. 7A and B). MBED (6 µM) also did not increase cAMP content in these cells. 
cAMP content in the control and in the MBED-treated cells was 3.14±1.11 and 3.09±0.99 
pmol/20,000 cells, respectively (P=0.9, n=4). 

Because insulinoma cells may differ from native β-cells, we tested the effects of caffeine and 
MBED on insulin secretion in primary β-cells of mouse islets. As shown in Figure 8, in the 
presence of 11.2 mM glucose, caffeine and MBED stimulated insulin secretion. The effects of 



caffeine and MBED on insulin secretion were persistent, and the agents increased both the first  
and the second phase of secretion. MBED was clearly more potent than caffeine, the effect of 6 
µM MBED being roughly comparable to that of 2.5 mM caffeine. Stimulation of secretion by 
MBED and caffeine reversed completely on wash out, indicating a lack of any major toxic effect. 
In contrast to their effects on insulinoma cells, isocaffeine and 3,9-dimethylxanthine had no 
significant stimulatory effect on insulin secretion from mouse islets. The insulin secretion rate 
(ng/min/50 islets) from control, caffeine-, isocaffeine-, and 3,9-dimethylxanthine-treated islets 
were 1.12±0.21, 5.06±1.17 (P<0.032), 1.36±0.35 (P<0.2), and 2.76±0.81 (P<0.1), respectively. 

DISCUSSION 

The roles of RY receptors in insulin secretion have remained unknown even though many 
investigators have demonstrated a stimulation of insulin secretion by caffeine. Because caffeine 
inhibits cAMP-PDEs and because cAMP is widely known to stimulate insulin secretion, 
investigators attributed the effect of caffeine on insulin secretion solely to the inhibition of the 
cAMP-PDEs and the consequent effect of cAMP on exocytosis (19�21). Given that caffeine is 
active on RY receptors, it was necessary to examine whether stimulation of insulin secretion by 
caffeine might be due to sensitization of the RY receptors, independent of its action on cAMP-
PDEs. We demonstrated that caffeine stimulates insulin secretion from β-cells and that such 
stimulation occurs only in the presence of a high concentration of glucose. Such stimulation of 
secretion is due to the sensitization of the RY receptor by caffeine and is not due solely to the 
inhibition of cAMP-PDEs. Thus, the stimulation of insulin secretion by different concentrations 
of caffeine was not positively correlated with their inhibitory effects on cAMP-PDEs. In fact, 
stimulation of insulin secretion by 1.5 and 3 mM caffeine was less than that obtained with 0.75 
mM caffeine, even though 1.5 and 3 mM caffeine induced greater inhibition of cAMP-PDEs. 
The reason for this is not entirely clear, but it is not due to inhibition of voltage-gated Ca2+ 
channels by caffeine. At such concentrations, caffeine does not inhibit voltage-gated Ca2+ 
channels in intact β-cells (36). We speculate that this could be due to RY receptor-mediated 
activation of KCa channels, which we are investigating. 

Both isocaffeine and 3,9-dimethylxanthine significantly stimulated insulin secretion, although 
they were either ineffective or less effective than caffeine as inhibitors of cAMP-PDEs. 
Isocaffeine activated cAMP-PDEs; however, it stimulated insulin secretion from a monolayer of 
insulinoma cells. It was less effective than caffeine in stimulating secretion (although the 
difference was not statistically significant), which is consistent with isocaffeine being much less 
effective than caffeine on RY receptors (32, 37). Isocaffeine is known to diffuse poorly into cells 
because of its polar nature (32, 38). In intact cells, isocaffeine may be inactive (38) or have only 
a weak action (32) on the RY receptors, depending on the cell types and methods used. When 
applied to single β-cells, isocaffeine induced CICR, and in this respect, it was less effective than 
caffeine. Although isocaffeine stimulated insulin secretion from a monolayer of INS-1E cells, it 
did not significantly stimulate secretion from islets, which possibly reflects the poor permeability 
of this compound into these compact micro-organs.  

We have previously shown that 3,9-dimethylxanthine also induces CICR when applied to single 
β-cells (3). This compound is as effective as caffeine with respect to the activation of the RY 
receptors in membrane preparations (33), but it is inactive when used in some intact cells (38), 
which again reflects its poor penetration across plasma membrane. Consistent with this, in our 



experiments, 3,9-dimethylxanthine was equally effective as caffeine at stimulating insulin 
secretion when applied to a monolayer of cells but was much less effective when applied to the 
mouse islets. Caffeine�s effect on insulin secretion demonstrated in this study is not due to its 
effects on the KATP channel or the voltage-gated Ca2+ channels, because at low concentrations, 
caffeine does not alter activities of these channels in intact β-cells (11, 39). This is further 
supported by our observation that caffeine stimulated insulin secretion even when the activity of 
KATP channel and membrane potential was clamped by diazoxide and KCl (Fig. 1B). Stimulation 
of insulin secretion by caffeine is also not due to antagonism of adenosine A1 receptor, because 
such antagonists do not alter glucose-induced insulin secretion (40). MBED, which does not 
inhibit adenosine receptors, had similar effects as caffeine. 

Our results indicate that caffeine stimulation of insulin secretion is primarily due to a Ca2+-
dependent, rather than a cAMP-dependent, phenomenon. Thus, a high concentration of caffeine 
(5 mM) that can directly activate the RY receptors increased [Ca2+]i in these cells in the presence 
of 5 mM glucose. This [Ca2+]I increase, which is low in magnitude, represents a direct effect of 
caffeine on RY receptors without the involvement of regenerative CICR. Such an increase in 
[Ca2+]i evoked by caffeine was also not due to cAMP because forskolin did not increase [Ca2+]i 
under similar conditions. Note that the failure of forskolin to release Ca2+ from ER in our 
experiment is not in disagreement with reports that show a [Ca2+]i increase in β-cells after 
application of forskolin (11). cAMP induces CICR through RY receptors if the glucose 
concentration and the ambient [Ca2+]i are high. To demonstrate that caffeine can directly activate 
RY receptors, we chose a protocol in which the cells were in 5 mM glucose during the 
experiment and during incubation for 45 min. Under such conditions, the basal [Ca2+]i 
concentration and the ER Ca2+ load is low. cAMP itself or through protein kinase A 
phosphorylation does not activate RY receptors under such conditions, thus allowing us to 
demonstrate that caffeine has a direct effect on the RY receptors (8). Our finding that depletion 
of ER Ca2+ by thapsigargin inhibited the context-dependent stimulation of insulin secretion 
strongly suggests that caffeine stimulated insulin secretion by releasing Ca2+ from the ER. Note 
that at early time points after addition of thapsigargin, there is a transient increase in [Ca2+]i. This 
[Ca2+]I increase by itself can trigger insulin secretion. We used a protocol to ensure that this 
would not confound our results. We first incubated the cells with thapsigargin for 30 min to 
deplete the ER Ca2+ pools, and at the end of this incubation period, the medium was discarded. 
Insulin secretion was then studied in these treated cells for an additional hour. However, a 
modest stimulation of insulin secretion by caffeine was seen even in the thapsigargin-treated 
cells in the presence of glucose. The cause for this is not entirely clear. It could be due to 
incomplete depletion of ER pools in some cells (41) or the fact that caffeine induces CICR from 
thapsigargin-insensitive Ca2+ pools, for example, the secretory granules (14). 

Consistent with a previous report (42), RY did not inhibit insulin secretion under our 
experimental conditions. This may be due to poor permeability of RY, its complex effects on the 
channel, or simply the fact that RY inhibition of the RY receptors is use-dependent. In intact β-
cells, low levels of RY binding are easy to achieve as evidenced from binding of fluorescent RY 
(11, 43). However, inhibition of RY receptors by RY requires very high levels of binding, which 
may not be easy to achieve in intact cells. Other investigators have found that it is often difficult 
to inhibit the RY receptors in intact cells and that such a lack of inhibition should not preclude 
conclusions about the involvement of RY receptors in cellular processes (44, 45). Dantrolene, a 
membrane-permeable inhibitor of RY receptors (46) inhibited glucose-dependent stimulation of 



insulin secretion by caffeine. Low concentrations (e.g., 10 µM) of dantrolene inhibit only the 
RY1 and RY3 (47), but high concentrations (e.g., 75 µM) of dantrolene also inhibit RY2 (46), 
which is the predominant type of RY receptor in β-cells. We have not tested the effects of 4-
chloro-3-ethylphenol on insulin secretion, because these compounds inhibit cellular metabolism 
(42). 

The main experimental obstacle in unraveling the mechanism of action of caffeine on insulin 
secretion was the lack of availability of analogs that could sensitize the RY receptors without 
inhibiting cAMP-PDEs. We circumvented this by using MBED, which acts on the caffeine 
binding site of the RY receptors. MBED increased [Ca2+]i but did not inhibit cAMP-PDEs, and it 
still stimulated insulin secretion in a context-dependent manner, mimicking the effect of caffeine. 
Consistent with a previous report, the kinetics of MBED-induced increase in [Ca2+]i was slower 
compared with that induced by caffeine (48). Finally, we demonstrated a glucose-dependent 
stimulation of insulin secretion by caffeine and MBED from primary β-cells of mouse islets. 
Such stimulation affected both the first and the second phase of insulin secretion and was 
completely reversible. MBED has been used in muscle and neuronal cells for nearly two 
decades, and so far, no nonspecific effects have been described. It does not interfere with 
adenosine receptors, does not inhibit islet PDEs, and does not inhibit KATP channel or the 
voltage-gated Ca2+ channels. In these respects, the effects of MBED are much more specific 
compared with those of caffeine. 

Our results indicate that CICR mediated by the RY receptors of β-cells stimulates insulin 
secretion. It can be hypothesized that the RY receptors may be closely juxtaposed with the 
secretory vesicles, and CICR may play an important role by giving rise to high-amplitude Ca2+ 
microdomains around these sites. β-Cells have two intracellular pools of Ca2+ that are equipped 
by RY receptors: One pool is thapsigargin-sensitive and is associated with the ER (2, 3); the 
other is thapsigargin-insensitive (2) and is thought to be associated with the secretory vesicles 
(14). In intact β-cells, the thapsigargin-sensitive pool appears to be quantitatively more important 
because CICR is inhibited (3, 24, 43) and insulin secretion is reduced by thapsigargin. The role 
of the RY receptors that are located on the secretory vesicles of β-cells is intriguing (14). In 
terms of the total amount of Ca2+ stores in the cell, this pool is small and can be studied only by 
sensitive methods for measuring local Ca2+ fluxes. However, it may be sufficient to support 
exocytosis when the RY receptors associated with the secretory vesicles are activated. Support 
for this view is derived from our finding that even in thapsigargin-treated cells, caffeine 
stimulated secretion modestly (Fig. 5). 

The CICR mediated by the RY receptors stimulates insulin secretion in a characteristic context-
dependent manner, thus providing the cells with a mechanism to trigger secretion only when 
glucose concentration is high. Endogenous modulators of RY receptor, for example, cAMP (3), 
cyclic ADP ribose (15), palmitoyl CoA (14), and fructose 1,6,-diphosphate (13), may affect this 
mode of signaling and thus modulate insulin secretion in a context-dependent manner. Our 
findings have significant clinical implications. Currently available insulin secretagogues used to 
treat type 2 diabetes act mainly on the KATP channel and stimulate insulin secretion irrespective 
of the prevailing blood glucose concentration, thereby increasing the risks for hypoglycemia. The 
CICR mediated by the RY receptor may prove to be a useful target for insulin secretagogues 
currently under development that may allow insulin secretion to be triggered only in a glucose-



dependent manner. Thus, CICR is a novel target for developing insulin secretagogues, which will 
not cause hypoglycemia, and in this respect, compounds such as MBED will be important lead 
compounds for developing such drugs. 
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Table 1 
 
Effect of 9-methyl-7-bromoeudistomin D (MBED) on cAMP-PDE activity. Membrane or supernatant fractions 
obtained from insulinoma cells were assayed for cAMP-PDE activity in the presence of different concentrations of 
MBED. MBED did not inhibit cAMP-PDE activity. 

 Control  MBED (5 µM) 

 

MBED (50 µM) 

 

Membrane cAMP-PDE activity 

(pmol/min/ml) 

27 ± 3 26.5 ± 0.7 23.2 ± 2.8 

Supernatant cAMP-PDE activity 

(pmol/min/ml) 

33.1 ± 3.6 27.7 ± 2.5 31.6 ± 0.7 

 

 

 

                                                                                   

              


