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Abstract 

Objectives: Several studies have reported that the Transient Receptor Potential Melastatin-like 

subtype 5 (TRPM5) channel, a Ca2+ activated monovalent cation channel, is involved in the 

stimulus secretion coupling in the mouse pancreatic β-cells. We have studied the role of the 

TRPM5 channel in regulating insulin secretion, and cytoplasmic free Ca2+ concentration ([Ca2+]i) 

in the rat β-cells by using triphenyl phosphine oxide (TPPO), a selective inhibitor of the channel. 

Methods: Insulin secretion from islets from Sprague-Dawley rats were measured in batch 

incubations. [Ca2+]i was measured from single β-cells by Fura-2 based microfluorometry. 

Results: TPPO did not alter insulin secretion and [Ca2+]i response triggered by KCl, or fructose. 

It inhibited insulin secretion in response to glucose, L-Arginine, and GLP-1. It also inhibited the 

KATP channel-independent insulin secretion, and [Ca2+]i  increase by glucose.           

Conclusions: Our results suggest that in the rat islets, TRPM5 is involved in mediating insulin 

secretion by glucose, L-Arginine, and in potentiating the glucose-induced insulin secretion by 

GLP-1. 
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TRPM5- Transient Receptor Potential Melastatin-like subtype 5 

VGCC- Voltage gated Ca2+ channels 

Introduction 

Plasma membrane depolarization and increase in the cytoplasmic free Ca2+ concentration 

([Ca2+]i)  are critical events that lead to insulin secretion upon stimulation of the β-cells by 

different nutrients and incretin hormones 1,2. Different insulin secretagogues trigger insulin 

secretion apparently by using different mechanisms of cellular signaling. Glucose is the most 

important physiological stimulus for regulation of insulin secretion. The most well-known 

mechanisms by which glucose depolarizes the β-cells, and increases [Ca2+]i are as follows: 

metabolism of glucose increases the ATP/ADP ratio in the cytoplasm leading to the closure of 

the ATP sensitive potassium channels (KATP) and consequent depolarization of the plasma 

membrane.  

Recent evidences suggest that in addition to the closure of the KATP channel, inward depolarizing 

currents through a variety of other channels may contribute to the depolarization of the β-cell in 

response to stimulation by different secretagogues 3,4.  In this respect the role of TRPM5, a Ca2+ 

activated monovalent cation channel is particularly interesting 5. Using TRPM5 knock out mouse 



models, several groups have recently shown that the channel is involved in insulin secretion 

stimulated by glucose, and fructose6-8. To further elucidate the role of TRPM5 in insulin 

secretion in response to different stimuli, more studies using different approaches and different 

animal models are needed. In this respect, the availability of a selective TRPM5 channel 

inhibitor, namely, the triphenylphosphine oxide (TPPO) have made it convenient to test the roles 

of TRPM5 in different cellular functions9-12. 

We have studied the role of TRPM5 in insulin secretion from rat islets, and in eliciting [Ca2+]i 

response in rat β-cells by using TPPO. We found that in the rat islets TRPM5 is involved in 

insulin secretion in response to glucose, GLP-1, and high concentration of L-arginine. 

Materials and methods 

Chemicals 

RPMI-1640 medium, and other cell culture materials, were from Life Technologies, Stockholm, 

Sweden. Collagenase, fetal bovine serum (FBS), fura-2 acetoxymethyl ester (AM), and TPPO 

were from Sigma-Aldrich, Stockholm, Sweden, GLP-1 (7-37) was from BACHEM, Switzerland.  

Preparation of islets from rats 

All studies were approved by the Northern Stockholm ethical committee on experimental animal 

care, and performed in accordance with the guidelines of the Swedish national board for 

laboratory animals. Male Sprague-Dawley rats were purchased from Scanbur (Sweden). The 

ethical guidelines of the Karolinska Institute for the care and use of laboratory animals were 

followed. The rats were maintained in a 12 h (0600–1800 h) light/dark cycle with free access to 



water and standard diet. They weighed 250–350 g at the time they were used for experiments. 

The animals were killed by inhalation of CO2. Collagenase (0.1 % w/v) was injected into the 

pancreatic duct. Islets were isolated by collagenase digestion in Hank’s balanced salt solution 

followed by centrifugation and density gradient separation with Histopaque 1077 and Histopaque 

1119. Islets were then handpicked under a stereomicroscope, and transferred to the petri dishes 

containing RPMI-1640 medium, glutamine (2 mM), FBS (10 % v/v), benzylpenicillin (100 

units/ml), streptomycin (100 µg/ml), and glucose (11 mM). They were then cultured free-floating 

for 24 h in an incubator at 37 °C in 5 % CO2. On the day of the experiments, the islets were 

transferred to petridishes containing 5 ml Krebs-Ringer bicarbonate buffer, HEPES (10 mM), 

BSA (0.2 %), and glucose (3.3 mM). The islets were preincubated in this solution for 30 min at 

37 °C in an atmosphere of 5 % CO2.  

Measurement of insulin secretion from the islets 

Islets of similar sizes were chosen for all the experiments. In separate experiments we measured 

the insulin contents of the islets and expressed the released insulin as percentage of the total 

insulin content. We found that insulin content of the islets were not highly variable. Islets of 

similar sizes were incubated in groups of three in 300 µl Krebs-Ringer bicarbonate buffer 

containing glucose (3.3 or 16.7 mM) with or without other pharmacological agents, for one hour 

at 37 °C on a shaking water bath. After incubation of the islets, the supernatant was removed, 

and stored at -20 ºC. Total insulin content was measured after sonication of the islets for 10–15 s, 

followed by extraction of insulin overnight at 4 °C in 200 µl acid-ethanol (70 % v/v). 

Immunoreactive insulin was measured by radioimmunoassay using rat insulin as standard and 

insulin antibodies (Fitzgerald, USA) 13.  



Dispersion of rat islets 

Islets were dispersed by treating with trypsin EDTA (0.05 % w/v) for 3 min at 37 ºC. The islets 

were then placed on ice to stop the trypsin effect, and then pipetted up and down ~ 20 times. The 

cells were cultured on glass coverslips for 24 hours in humidified incubator in 5 % CO2 at 37 ºC 

in RPMI-1640 medium supplemented with FBS (2.5 % v/v), penicillin (50 units/ml), HEPES (10 

mM), and streptomycin (50 µg/ml). 

Measurement of [Ca2+]i by microfluorometry  

Primary cells were incubated for 40 min in 2 ml of the loading buffer consisting of RPMI-1640 

medium, Fura-2 AM (1 µM), and BSA (2 %). The coverslips were then incubated for another 15 

min in modified Krebs–Ringer bicarbonate–HEPES buffer containing NaCl (140 mM), KCl  (3.6  

mM), NaH2PO4 (0.5 mM), MgSO4
.7H2O (0.5 mM), CaCl2 (1.5 mM), HEPES (10 mM), glucose 

(3 mM) and BSA (0.1%) (pH 7.4)  to let the endogenous esterases hydrolyze the AM ester. The 

coverslip was then mounted on an open perifusion chamber which was then placed on the stage 

of an inverted microscope. The modified KRBH buffer containing different pharmacological 

agents was perfused by a peristaltic pump. A water bath and a thermistor connected to the 

perifusion chamber were used to control the temperature of the solution in the perifusion 

chamber.  For measurement of [Ca2+]i from single β-cells, we chose only the large cells to 

exclude the non-β-cells as much as possible. The fluorescence was measured by dual wavelength 

excitation fluorometry. The monochromator (PhotoMed DeltaRam) generated two excitation 

wavelengths that were directed onto the cells by a dichroic mirror. The emitted light chosen by a 

510 nm filter was detected by the photomultiplier tube detector, and monitored by the Felix32 

software (Photon Technology International, Inc). The cells loaded with fura-2 were excited at 



340 nm and 380 nm alternately. The ratios between the emitted fluorescence intensities upon 

excitations at 340 nm and 380nm respectively (F340/F380) were calculated by the Felix32 

software. One F340/F380 per second data point was recorded. The background fluorescence was 

measured by removing the cell from the area of the study. The background was subtracted from 

the traces before calculation of [Ca2+]i. For calibration, Rmin and Rmax were determined from 

external standards containing fura-2 free acid and sucrose (2 M) 14. The Kd for Ca2+-fura-2 was 

taken as 225 nM. [Ca2+]i was calculated from F340/F380, Rmin and Rmax as described before 15. 

Statistical Analysis 

Results were expressed as means ± SEM. Student’s paired or unpaired t-test, as appropriate, 

were used for statistical tests of significance. P-value < 0.05 was considered as significant.  

Results  

TPPO did not alter insulin secretion, and [Ca2+]i increase in response to depolarization by 

KCl   

TPPO (100 µM) alone did not alter the insulin secretion from rat islets in the presence of 3 mM 

glucose (Fig. 1A). In the absence of TPPO, basal insulin secretion by glucose was 0.6 µU/islet/h, 

and in the presence of TPPO, it was 0.5 ± 0.1 µU/islet/h. We tested whether TPPO alone could 

alter [Ca2+]i  in the presence of  basal glucose in rat β-cells. The trace in (Fig. 1B) shows that 

TPPO alone did not alter [Ca2+]i . Gliclazide (100 µM) increased [Ca2+]i  indicating that the cell 

was functional. 



To test whether inhibition of the TRPM5 channels by TPPO could alter insulin secretion by non-

specific effects on the VGCCs, or by altering the metabolism, we stimulated islets with KCl (25 

mM), in the presence or in the absence of TPPO (100 µM). In the absence of TPPO, insulin 

secretion by KCl was 25.5 ± 3.6 µU/islet/h, and that in the presence of TPPO was 25 ± 3 

µU/islet/h (Fig. 1C). TPPO did not alter depolarization induced insulin secretion by KCl from 

the islets. The insulin contents of the islets used in the experiments described in this paper were 

794 ± 32 µU/islet (n = 62).  

In the β-cells, KCl increases [Ca2+]i  by depolarizing the plasma membrane, and thereby 

activating the VGCCs 16. To test whether the TPPO could affect [Ca2+]i increase by KCl, we first 

stimulated single rat β-cells with KCl (25 mM), in the absence of TPPO.  Later on, KCl was 

washed away for sufficient time to allow [Ca2+]i to return to the baseline. Cells were then 

stimulated with KCl again, but this time in the presence of TPPO (30 or 100 µM) (Fig. 1E). 

[Ca2+]i increase by KCl was 1144 ± 150 nM in the absence of TPPO, and 1086 ± 227 nM in the 

presence of 100µM TPPO (Fig. 1D). Thus, TPPO altered neither the insulin secretion nor the 

[Ca2+]i increase by KCl.  

TPPO inhibited insulin secretion, but not the [Ca2+]i response by glucose 

Next, we studied whether TPPO could affect glucose induced insulin secretion (GSIS). We 

stimulated islets with glucose (16.7 mM), in the presence or in the absence of TPPO (100 µM). 

As expected, 16.7 mM glucose increased insulin secretion by ~ 50 fold compared to that by 3.3 

mM glucose (Fig. 2A). In the absence of TPPO, the insulin secretion by glucose was 49 ± 4.2 

µU/islet/h and the same in the presence of TPPO was 34.6 ± 3 µU/islet/h (Fig. 2A). Thus, TPPO 

significantly inhibited the glucose-induced insulin secretion (P < 0.05, n = 12). 



Glucose triggers insulin secretion by increasing [Ca2+]i . To test whether TRPM5 was involved in 

glucose-induced [Ca2+]i  increase, we tested the effect of TPPO on glucose induced [Ca2+]i  

response. We first stimulated the single β-cells by glucose (16.7 mM) for 500 s (control). Then, 

we changed glucose from 16.7 mM to 3 mM, and allowed time for [Ca2+]i  to return to the 

baseline.  Later on, we stimulated the cells for the second time with glucose (16.7 mM) in the 

presence of TPPO (100 µM) (Fig. 2B). The maximal [Ca2+]i  increases by glucose in the absence 

of, or in the presence of TPPO were 578 ± 52  nM, and 642 ± 73 nM, respectively (Fig. 2C), 

indicating that TPPO did not alter [Ca2+]i  response by glucose over this time period (P > 0.05, n 

= 4).  

TPPO inhibited the KATP channel-independent insulin secretion and [Ca2+]i increase by 

glucose 

We also tested whether TRPM5 was involved in KATP channel-independent insulin secretion 

from rat islets 17. We stimulated the islets with glucose (16.7 mM) plus KCl (25 mM) with 

diazoxide (100 µM), in the presence or in the absence of TPPO (100 µM). The islets secreted 

insulin at the rate of 153.8 ± 22 µU/islet/h in the absence of TPPO, and 49.3 ± 6 µU/islet/h in the 

presence of TPPO (Fig 3A). Thus, inhibition of TRPM5 by TPPO reduced the KATP channel-

independent insulin secretion by ~ 3 folds (P < 0.005, n = 12).  

 To test whether TPPO could inhibit the Ca2+ response under conditions described above, we 

stimulated single β-cells with glucose (16.7 mM) plus KCl (25 mM) with diazoxide (100 µM), 

first in the presence of TPPO (100 µM), and then after washout, in the absence of the inhibitors, 

for 500 sec. As shown in Fig 3B, Glucose (16.7 mM) plus KCl (25 mM) with diazoxide (100 

µM) increased [Ca2+]i  maximally by 296 ± 7 nM in the absence of TPPO, and by 184 ± 11 nM in 



the presence of TPPO (Fig. 3C). Thus, TPPO significantly inhibited the glucose-stimulated KATP 

channel-independent [Ca2+]i increase (P < 0.005, n = 8). 

Inhibition of TRPM5 did not affect insulin secretion and [Ca2+]i  response by fructose 

It is known that fructose, when given in the presence of stimulatory concentration of glucose, 

causes further stimulation of insulin secretion 18, and in the mouse islets, TRPM5 has been 

implicated in this process 8. We tested the effect of TPPO to study whether TRPM5 is involved 

in fructose mediated insulin secretion from the rat islets. We stimulated the islets with glucose 

(8.3 mM) plus fructose (10 mM), in the absence of, or in the presence of TPPO (100 µM). In the 

absence of TPPO, the islets secreted insulin at the rate of 44.5 ± 12 µU/islet/h. In the presence of 

the inhibitor, the islets secreted insulin at the rate of 63.3 ± 14 µU/islet/h (Fig. 4A). Thus, TPPO 

did not significantly inhibit the fructose-induced insulin secretion from the rat islets.  

To test whether TPPO could inhibit the [Ca2+]i response to fructose, we stimulated single β-cells 

first with glucose (8.3 mM) plus fructose (10 mM), and then after washout, with fructose plus 

glucose together with TPPO (100 µM) (Fig. 4B). The maximal [Ca2+]i increase by fructose 

(10mM) plus glucose (8.3 mM) in the absence of TPPO was 383 ± 12 nM, and that in the 

presence of TPPO (100 µM) was 382 ± 6 nM (Fig. 4C). These results showed that TPPO did not 

alter the fructose induced [Ca2+]i  response.  

Inhibition of TRPM5 inhibited the L-arginine-induced insulin secretion, and [Ca2+]i 

response 

Investigators use L-Arginine at high concentrations in in-vitro studies of stimulus-secretion 

coupling in the β-cells. We used TPPO to study the role of the TRPM5 channels in L-arginine-



induced insulin secretion. In the absence of TPPO, glucose (7 mM) plus L-arginine (20 mM) 

caused insulin secretion at the rate of 185 ± 30 µU/islet/h. In the presence of TPPO (100 µM), 

similar stimulation by glucose plus L-arginine caused insulin secretion at the rate of 108 ± 11 

µU/islet/h (Fig. 5A). Thus, inhibition of TRPM5 channels by TPPO significantly reduced the  

L-arginine-induced insulin secretion (P < 0.05, n = 8).  

To examine whether the mechanism of [Ca2+]i increase by L-arginine involved activation of the 

TRPM5 channels, we used the inhibitor of the channel. We stimulated the rat β-cells with 

glucose (7 mM) plus L-arginine (20 mM) in the absence of TPPO, and then after washout, in the 

presence of TPPO (100 µM). As shown in fig 5B, TPPO markedly reduced the L-arginine-

induced [Ca2+]i  increase. Repeated stimulation by L-arginine in the presence or absence of TPPO 

in the same cell elicited similar responses (Fig. 5B) showing that the inhibition by TPPO was 

fully reversible, and reproducible. Glucose (7 mM) plus L-arginine (20 mM) increased [Ca2+]i  

maximally by 604 ± 92 nM in the absence of TPPO, and by 310 ± 26 nM in the presence of 

TPPO (Fig. 5C). Thus, TPPO significantly inhibited the L-arginine-stimulated [Ca2+]i increase (P 

< 0.05, n = 5).  

Inhibition of TRPM5 inhibited the GLP-1 potentiated GSIS in a Ca2+-independent manner 

GLP-1 is the most well-known incretin that potentiates GSIS 19. To study whether the 

mechanism of potentiation of insulin secretion by GLP-1 involves TRPM5, we tested the effect 

of the inhibitor of the channel. As expected, glucose (16.7 mM) plus GLP-1 (50 nM) increased 

insulin secretion by three fold compared to that by glucose (16.7 mM) alone. Islets were 

stimulated with glucose (16.7 mM) plus GLP-1 (50 nM) with or without TPPO (100 µM). In the 

absence of TPPO, the rate of insulin secretion was 157 ± 13 µU/islet/h, and in the presence of 



TPPO the same was 108 ± 10 µU/islet/h (Fig. 6A). Thus, TPPO significantly inhibited the GLP-

1 potentiated GSIS (P < 0.05, n = 8).   

We also tested whether TPPO could affect the GLP-1 plus glucose induced increase in [Ca2+]i. 

We first stimulated single β-cells with glucose (16.7 mM) plus GLP-1 (50 nM), first in the 

absence of TPPO, and then after washout, in the presence of TPPO (100 µM) (Fig. 6B). The 

maximal [Ca2+]i  increases by glucose plus GLP-1, in the absence of, or in the presence of TPPO 

were 364 ± 14 nM, and 365 ± 15 nM, respectively (P > 0.05, n = 4). (Fig. 6C). Thus, inhibition 

of TRPM5 by TPPO did not alter the maximal [Ca2+]i  increase by GLP-1 plus glucose.  

Discussion 

During recent years several groups have reported that β-cells have at least eight TRP channels, 

and among them TRPM2, TRPM4, and TRPM5 play important roles in stimulus secretion 

coupling in these cells 3,6,20,21. In this study, we have focused on the role of the TRPM5 channel 

in insulin secretion from the rat β-cells. For this, we have used an inhibitor of TRPM5 namely 

TPPO. Our study shows that TRPM5 is involved in insulin secretion in response to glucose, 

GLP-1, and L-arginine, but it is not involved in insulin secretion in response to fructose. 

As an inhibitor of TRPM5, TPPO is selective in that it does not inhibit the closely related TRP 

channel, the TRPM4, which is also present in the β-cells 10. In our study, TPPO, even when it 

was used at a concentration as high as 100 µM, did not inhibit insulin secretion or [Ca2+]i 

increase in response to KCl, and fructose, indicating that TPPO did not have major non-specific 

effects on the VGCCs, or on nutrient metabolism in the β-cells. 



TPPO inhibited the insulin secretion by 16.7 mM glucose suggesting that TRPM5 was involved 

in this process, in the rat islets. Our results are consistent with previous reports which showed 

reduced insulin secretion from islets obtained from TRPM5 knockout mice 6,7. However, in our 

experiments TPPO did not inhibit the glucose induced [Ca2+]i increase. The apparent 

inconsistency between the insulin secretion and the Ca2+ response in our experiments could be 

due to the fact that the conditions for insulin secretion experiments and the Ca2+ experiments 

were different. Thus, while insulin secretion was measured from whole islets over a period of 

one hour, [Ca2+]i  was measured from single β-cells over only 500 sec. Colsoul et al (2010), 

showed that the absence of TRPM5 reduces the frequency of glucose induced Ca2+ oscillations in 

the intact mouse islets. In our Ca2+ experiments we used single β-cells which usually do not 

show Ca2+ oscillations as is seen in the intact islets.  

 Another major finding in our study is that TPPO dramatically reduced the KATP channel-

independent insulin secretion and [Ca2+]i  increase by glucose, as tested by the commonly used 

KCl plus diazoxide protocol 17. Thus, the TRPM5 channels appear to play an important role in 

the insulin secretion by glucose by the KATP channel-independent mechanisms.  

Lack of inhibition of fructose-induced insulin secretion by TPPO suggested that TRPM5 was not 

involved in insulin secretion in response to this hexose per se, in the rat islets. In this respect, our 

results, which were obtained from rat β-cells, are different from those reported by Kyriazis et al 

(2012), who showed that TRPM5 is involved in insulin secretion in response to fructose in 

mouse β-cells. The reason for this discrepancy is unclear. While we have used a pharmacological 

tool, and studied insulin secretion form rat islets, these authors used islets from TRPM5 knock-



out mouse. Thus, species differences, and differences in the experimental approaches, may partly 

explain the differences in the results obtained. 

High concentrations of L-arginine are commonly used for in-vitro mechanistic studies of 

stimulus secretion coupling, and [Ca2+]i signaling in the β-cells 22. It is postulated that L-arginine, 

which is a cationic amino acid, depolarizes the plasma membrane upon entering into the β-cell 

without requiring metabolism of the amino acid. However, this view may be over simplistic. We 

found that TPPO markedly reduces, but does not completely inhibit the L-arginine induced 

insulin secretion, and [Ca2+]i increase. These results indicate that while L-arginine alone can 

increase [Ca2+]i partially, maximal increase of [Ca2+]i by the amino acid requires a second event, 

namely, the activation of the TRPM5 channel by the initial increase of [Ca2+]i caused by L-

arginine. It should be noted that [Ca2+]i increase, and insulin secretion by high concentration of 

L-arginine have no physiological relevance since, the maximal concentration of L-arginine in the 

human plasma is only 74 µM 23. Nevertheless, when used as a pharmacological tool, L-arginine 

helps us to dissect the molecular and ionic mechanisms involved in the stimulus secretion 

coupling in the β-cells.  

The importance of GLP-1 in the physiological regulation of insulin secretion cannot be 

overestimated. It makes the β-cells competent to stimulation by glucose 19. Given this 

background, the most important finding in our study was that TPPO significantly inhibited the 

GLP-1 potentiated GSIS. This indicates that TRPM5 is involved in mediating the action of this 

incretin hormone. In this context, it is noteworthy that GLP-1 stimulates Na+ entry through non-

selective cation channels in the plasma membrane, which could possibly be TRPM5 24. We also 

found that while TPPO inhibited insulin secretion, it did not inhibit the [Ca2+]i response triggered 



by glucose plus GLP-1. This is consistent with the fact that GLP-1 mediates its actions primarily 

by activating the cAMP dependent pathways, rather than the Ca2+ signaling pathways. It remains 

a possibility that GLP-1 elicited local Ca2+ signaling which was not detectable by our method 

that measured only the global Ca2+ changes.  

In summary, our results suggest that in the rat islets TRPM5 is involved in mediating insulin 

secretion in response to glucose, GLP-1, and high concentration of L-arginine, but not in 

response to fructose. We speculate that TRPM5 is one of the many putative channels that provide 

the so called inward depolarizing “leak current”. Thus, increased activity of the TRPM5 could 

make the β-cells more readily electrically excitable by the incretin hormones. 

Ethical Standards 

All studies were approved by the Northern Stockholm ethical committee on experimental animal 

care, and performed in accordance with the guideline of the Swedish national board for 

laboratory animals. 

 



Figure legends 

Fig. 1. TPPO did not inhibit insulin secretion and [Ca2+]i increase by KCl. (A) Insulin 

secretion by basal glucose (3 mM) (black bar), and that in the presence of TPPO (100 µM) 

(white bar). (B) The trace shows the effect of TPPO (100 µM) on [Ca2+]i in a single β-cell in the 

presence of  basal glucose (3 mM), Gliclazide (Glic) (100 µM) was used as a positive control. 

(C) Isolated rat islets were stimulated with basal glucose (Glu) (3.3 mM), and KCl (25 mM) in 

the presence or absence (control) of TPPO (100 μM) for 60 min at 37 ºC. The figure shows the 

means and the SEM of the insulin secreted by the islets stimulated with KCl (black bar), and the 

same in the presence of TPPO (white bar). TPPO did not inhibit the KCl induced insulin 

secretion (P > 0.05, n = 8). (E) The figure shows changes in [Ca2+]i  in a single rat β-cell 

stimulated first by KCl (25 mM), and then after washout, with KCl plus TPPO (30 µM or 100 

µM). (D) The figure shows the means and the SEM of the maximal [Ca2+]i increase obtained by 

KCl (25 mM) without TPPO (black bar), or with TPPO (100 µM) (white bar). The data are 

obtained from experiments similar to the one shown in Fig. 1E. TPPO (100 μM) did not inhibit 

the KCl-induced [Ca2+]i increase (P > 0.05, n = 4). 

 

Fig. 2. TPPO inhibited insulin secretion but not [Ca2+]i increase by glucose. (A) Rat islets 

were stimulated by glucose (16.7 mM) in the presence of TPPO (100 µM) (white bar), or in the 

absense TPPO (black bar). Glucose increased insulin secretion by more than 50 fold compared to 

that obtained by 3.3 mM glucose (checked bar). TPPO inhibited insulin secretion by glucose 

(16.7 mM) (P < 0.005, n = 12). (B) The trace shows the changes in [Ca2+]i  in a single rat β-cell 

stimulated first with glucose (16.7 mM), and after washout, with glucose (16.7 mM) plus  



TPPO (100 µM). (C) The figure shows the maximal [Ca2+]i increase obtained by glucose (16.7 

mM) without TPPO (black bar), or with TPPO (100 µM) (white bar). The data are from 

experiments shown in Fig. 2B. TPPO did not inhibit glucose-induced [Ca2+]i increase (P > 0.05, 

n = 4). 

 

Fig. 3. TPPO inhibited KATP channel-independent insulin secretion and [Ca2+]i increase by 

glucose.  (A) Islets were stimulated by glucose (16.7 mM) plus KCl (25 mM) with diazoxide 

(Dz) (100 µM), in the presence of TPPO (100 µM) (white bar), or in the absence of TPPO (black 

bar). TPPO inhibited the KATP channel independent insulin secretion by glucose (P < 0.005, n = 

12). (B) The trace shows the changes in [Ca2+]i  in a single rat β-cell stimulated first with glucose 

(16.7 mM) plus KCl (25 mM) plus diazoxide (100 µM), in the presence of TPPO (100 µM), and 

after washout, with glucose (16.7 mM), plus KCl (25 mM),  and diazoxide (100 µM). (C) The 

bars show the maximal [Ca2+]i  increase obtained by stimulation by glucose (16.7 mM) plus KCl 

(25 mM) with diazoxide (100 µM), in the presence of TPPO (100 µM) (white bar), or in the 

absence of TPPO (black bar). The data are derived from experiments shown in Fig 3B. TPPO 

inhibited the KATP channel independent [Ca2+]i increase by glucose (P < 0.05, n = 8). 

Fig. 4. TPPO did not alter fructose stimulated insulin secretion and [Ca2+]i increase. (A) 

Islets were stimulated with glucose (8.3 mM) plus fructose (Fru) (10 mM) in the presence of 

TPPO (100µM) (white bar) or in the absence of TPPO (black bar). TPPO did not alter the 

fructose induced insulin secretion (P > 0.05, n = 14). (B) The trace shows the [Ca2+]i changes in a 

single rat β-cell elicited by glucose (8.3 mM) plus fructose (10 mM) in the first stimulation, and 

by the same nutrients in the presence of TPPO (100 µM), in the second stimulation. (C) The bars 



show the maximal [Ca2+]i  increase obtained by stimulation with glucose plus fructose without 

TPPO (black bar), and by the same with TPPO (white bar). The data are derived from 

experiments shown in fig 4B. TPPO did not inhibit the fructose-induced [Ca2+]i increase (P > 

0.05, n = 4). 

 

Fig. 5. TPPO inhibited insulin secretion, and [Ca2+]i increase by L-arginine. (A) Rat islets 

were stimulated by L-arginine (Arg) (20 mM) without TPPO (black bar), and with TPPO (100 

μM) (white bar) in the presence of  

glucose (7 mM). TPPO inhibited L-arginine-stimulated insulin secretion by ~ 40 % (P < 0.05, n 

= 8). (B) The trace shows the changes in [Ca2+]i  in a single rat β-cell stimulated by L-arginine 

(20mM), first without TPPO, and then after washout, with TPPO (100 μM). Glucose (7 mM) 

was present throughout the experiment. TPPO inhibited the L-arginine-induced [Ca2+]i response 

in a reversible manner in all experiments. (C) The figure shows the maximal [Ca2+]i increase 

obtained by L-arginine (20 mM) without TPPO (black bar), or with TPPO (100 µM) (white bar). 

TPPO inhibited L-Arginine-induced [Ca2+]i increase by ~ 48 % (P < 0.05, n = 5). The data are 

derived from experiments similar to one shown in Fig.5B. 

 

Fig. 6. Effect of TPPO on GLP-1-induced insulin secretion and [Ca2+]i changes. (A) Rat 

islets were stimulated by glucose (16.7 mM), and GLP-1 (50 nM) without TPPO (white bar), and 

with TPPO (100 µM) (black bar). GLP-1 increased insulin secretion by ~3 fold compared to that 

by 16.7 mM glucose alone (checked bar). Stimulation of insulin secretion by GLP-1 (white bar) 

was inhibited by TPPO (black bar) (P < 0.05, n = 8). (B) The trace shows [Ca2+]i changes in a β-



cell elicited by glucose (16.7 mM) plus GLP-1 (50 nM) without TPPO in the first stimulation, 

and then after washout, by the same agents in the presence of TPPO (100 μM). (C) The figure 

shows the maximal [Ca2+]i increase obtained by glucose (16.7 mM) plus GLP-1 (50 nM) without 

TPPO (100 µM) (black bar), or with TPPO (100 µM) (white bar).  TPPO did not inhibit the 

[Ca2+]i increase by glucose plus GLP-1 (P > 0.05, n = 7). The data are derived from experiments 

similar to one shown in Fig. 6B. 
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