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Glucose and GTP-binding protein-coupled receptor 
cooperatively regulate transient receptor potential-channels 
to stimulate insulin secretion
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Abstract.  In pancreatic β-cells, glucose-induced closure of the ATP-sensitive K+ (KATP) channel is an initial process 
triggering glucose-stimulated insulin secretion (GSIS).  This KATP-channel dependent pathway has been believed to be a 
central mechanism for GSIS.  However, since the resting membrane potential of cells is determined by the balance of the 
net result of current amplitudes in outward and inward directions, it must be taken into consideration that not only KATP 
channel inhibition but also inward current via the basal opening of non-selective cation channels (NSCCs) plays a crucial 
role in membrane potential regulation.  The basal activity of NSCCs is essential to effectively evoke depolarization in 
concert with KATP channel closure that is dependent on glucose metabolism.  The present study summarizes recent 
findings regarding the roles of NSCCs in GSIS and GTP-binding protein coupled receptor-(GPCR) operated potentiation 
of GSIS.  
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THE CONCEPT that glucose-stimulated insulin 
secretion (GSIS) in pancreatic β-cells is initiated by 
closure of the ATP-sensitive K+ (KATP) channel as 
a result of an increase in the intracellular ATP/ADP 
ratio induced by glucose metabolism upon elevation 
of glucose concentration in the blood (Fig. 1; the trig-
gering pathway), was proposed a long time ago [1-3].  
Inhibition of the KATP channel is followed by mem-
brane depolarization and activation of voltage-depen-
dent Ca2+ channels (VDCCs) [4, 5].  Opening of the 
VDCCs brings about firings of action potential, cyto-
solic Ca2+ increase and initiation of GSIS [6, 7].  The 
triggering pathway is followed by time-dependent 
increase in insulin secretion that is potentiated by glu-
cose exposure (the second phase, potentiating path-
way or KATP-independent pathway) [3, 8] However, 
closure of the KATP channel alone is not sufficient 

to induce a shift in the membrane potential towards 
the threshold level and for the triggering pathway that 
can activate VDCCs, since membrane potential is  
theoretically determined by the overall balance of 
outward and inward currents.  Modest background 
inward currents through opening of nonselective cat-
ion channels (NSCCs) are crucial for induction of 
membrane depolarization following KATP channel 
closure [9, 10].  This idea further suggests that reg-
ulation of a class of NSCCs may play an important 
role in producing effective depolarization of the mem-
brane.  Several types of NSCCs have been reported to 
be expressed in pancreatic β-cells, which, in terms of 
ion selectivity, are permeable to Na+, K+, and Ca2+.  
In contrast to these ion channels, which have not been 
well studied, the classic-type ion channels; i.e., the 
voltage-dependent Na+ channel, the voltage-depen-
dent K+ channel [11, 12], the voltage-dependent Ca2+ 
channel [13, 14] and the KATP channel have attracted 
a large amount of interest for a long time, because the 
first three types of these ion channels play an impor-
tant role in membrane excitability and the KATP 
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NSCC current is always inwardly-going in the physi-
ological range of membrane potential.  When the glu-
cose concentration is increased, the resting membrane 
potential indicated by the red point at left in Fig. 2A 
moves to a more depolarized position (the red point at 
right) as a result of a decrease in the KATP-channel 
conductance (red line).  If the β-cells were deficient 
in NSCCs, the resting membrane potential would be 
identical to EK (Fig. 2B).  In this situation, KATP-
channel closure due to elevation of the glucose con-
centration does not produce any shift in the membrane 
potential.  Thus, basal opening of NSCCs is a funda-
mental requirement for the membrane-potential shift 
towards the threshold level for activation of VDCCs.  
This means that membrane depolarization results from 
both closure of the KATP channel and basal opening 
of NSCCs.  If the KATP channel activity is constant, 
i.e. at a low glucose concentration of 2.8 mM, and the 
NSCC current is increased, the membrane potential 
is depolarized over a small range (Fig. 2C).  In con-
trast, at higher concentrations of glucose where the 
β-cell is not depolarized enough to evoke activation 

channel, a determinant of resting membrane poten-
tial [15].  However, in the present study we summa-
rize recent findings regarding the physiological roles 
of NSCCs in GSIS of pancreatic β-cells and propose a 
new conceptual framework for regulation of the mem-
brane potential in β-cells.  

Membrane-potential regulation by  
background non-selective cation channels

The membrane potential of pancreatic β-cells is 
mostly determined by KATP channel activity.  At low 
concentrations of extracellular glucose the resting 
membrane potential is approximately -70 mV, which 
is depolarized by 12 mV from the potassium equilib-
rium potential (EK) that is calculated as -82 mV by 
assuming extra- and intracellular potassium concen-
trations of 5 mM and 130 mM, respectively (Fig 2A).  
This membrane potential shift is due to basal opening 
of NSCCs that is reversed in the current direction at 0 
mV (broken line in Fig. 2A), because the NSCC cur-
rent is permeable for Na+, Ca2+ and K+.  Therefore the 

Fig. 1	 Classic model of glucose-stimulated insulin secretion  
	 An increase in the glucose concentration in the extracellular space induces metabolic and energy production processes with 

subsequent ATP/ADP elevation, KATP channel (composed of kir6.2 and SUR1 (sulfonyl-urea receptor 1) inhibition, membrane 
depolarization, VDCC activation and ultimately membrane excitement showing action potential firing.  This glucose-induced 
initial event is called the first phase or triggering pathway (dashed red arrow) if it is followed by persistent and enhanced 
insulin secretion that is known as the second phase or potentiating pathway (dashed black arrow).  The site of CLP-1/cAMP/
PKA or EPAC2 signaling has been hypothetically proposed as locations to the KATP channel, VDCCs and the potentiating 
pathway [43, 47].  
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Non-selective cation channels in β-cells

The non-selective cation channels (transient recep-
tor potential (TRP) channels) expressed in β-cells are 
listed in Table 1 [16-21].  Historically the concept 
that the TRP channel is a non-selective cation chan-
nel was first proposed by Montell et al. [22, 23].  The 
TRP channel is an ion channel that is permeable to 
Ca2+ [23].  The TRP channel includes 6 transmem-

of VDCCs, a small amount of NSCC-current increase 
would easily be able to depolarize the membrane 
to a threshold potential that could activate VDCCs, 
because the input resistance of the β-cell becomes 
higher during the process of KATP-channel inhibition 
under these conditions (Fig. 2D).  This principle of 
membrane potential regulation leads us to a new con-
cept of β-cell physiology; KATP channel and NSCC-
operated and cooperative modulation of GSIS.  
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Fig. 2	 Elements for determination of membrane potential  
	 The membrane potential is determined by the balance between KATP and NSCC current amplitudes.  A: Current-voltage 

(IV) relationship of the KATP channel and NSCC conductances.  The resting membrane potential (-70 mV) is slightly shifted 
toward a positive potential from the potassium equilibrium potential (EK, -82 mV) at a low glucose concentration (i.e.; 2.8 
mM).  The KATP channel conductance is shown as a solid black line crossing the zero current level at -70 mV (indicated 
by the red dot at left).  When the KATP channel conductance is pharmacologically inhibited i.e. exposure to sulfonylurea 
(red line), the resting potential is moved to the red dot at right (broken arrowed line).  The other broken line indicates NSCC 
conductance.  This is the model that the β-cell is exposed to tolbutamide at low glucose concentration.  B: When NSCCs are 
absent, the resting potential does not shift even when the KATP channel is inhibited (red line).  The red point is unchanged.  
C: The resting potential shift with constant KATP-channel conductance is small but is clearly depolarized upon increasing the 
NSCC conductance (broken red line).  The KATP channel conductance is shifted in parallel to the unbroken red line.  This is 
the model that the β-cell is exposure to incretin hormone at low glucose concentration.  D: The membrane conductance changes 
in GSIS and/or the incretin model.  When the KATP channel conductance is inhibited by glucose (red line) and simultaneously 
the NSCC conductance is increased (broken red line), the resting membrane potential is more strongly depolarized (compare 
the right-side red point in A and D).  Note that the slope conductances of the KATP channel before (solid black lines) and after 
inhibition of the channel (solid red lines) in A and D are unchanged.  Further increase in NSCC conductance upon GLP-1 
exposure (broken blue line) induces more depolarization of the membrane independently of KATP channel inhibition.  Notice 
that each slope conductance of the KATP channel (solid lines) and the NSCCs (broken lines) before (black lines) and after (red 
lines) the increase and decrease in the conductances is identical.  EK, potassium equilibrium potential.  
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sis may represent a key short- and midterm regulatory 
mechanism by which cells regulate electrical activity 
[28].  TRPM5 is also activated by Ca2+ and plays a 
central role in taste signaling of chemosensory cells 
[29].  Insulin downregulates the expression of TRPM5 
in islets from leptin-deficient mice [30].  A recent 
report indicated that TRPM4/5 dependent stimulation 
of GSIS is mediated by a small dose of glucagon-like 
peptide (GLP-1) with a half-maximal effective concen-
tration of 0.4 pM [31].  In addition the TRPC(1,3,4,6) 
family was identified in β-cells [32, 33].  For most of 
these TRPC channels, their physiological role and the 
mechanistic pathways regulating these channels in the 
GSIS process remain unclear.  

The Htr3a channel is another type of NSCC, and 
this channel is sensitive to serotonin.  The Htr3a 
activation by binding of serotonin to Htr3a receptor 
depolarizes the membrane potential and consequently 
stimulates the excitability of gestated β-cells in para-
crine/autocrine mode.  Serotonin production is pro-
nounced in pregnant β-ells by activation of lacto-
gen signaling and co-secreted with insulin and acts 
through Htr3a receptor to lower the β-cell thresh-
old for glucose to GSIS thereby playing an essential 
role in the increased GSIS in pregnant animal [34].  
Similarly co-secreted serotonin binds to Htr2b recep-
tors of β-cells and this contributes to proliferation and 
increase in β-cell mass [35].  

The important and more fully clarified TRP chan-
nel in pancreatic β-cells in terms of regulation of 
GSIS is TRPM2, which is described in the following 
paragraph.  

Glucose-induced regulation of TRPM2-
channel current and insulin secretion

It was reported that an increase in glucose concen-
tration to 16.6 mM reversibly increases the NSCC cur-
rent, and the current-voltage (I-V) relationship of the 

brane domains and cytoplasmic N- and C-termini.  
N-terminal Ankyrin repeats, a coiled coil domain, the 
TRP domain and the pore loop have been characterized 
as the channel.  The TRP family is found in worms, 
flies, mice and humans.  The family includes TRPC, 
TRPV, TRPM, TRPA and others [23].  These TRP fam-
ily members are expressed in a variety of tissues [20, 
24].  Many types of TRP subfamilies have been iden-
tified in pancreatic β-cells.  Most of the channel fam-
ily members are sensitive to temperature (heat), vision, 
taste and smell as well as touch [23].  Thus TRP chan-
nel expression in sensory neurons is critical for the 
fundamental function of these cells.  These TRP chan-
nels are divided into two types of channel mediation; 
one is a channel regulation mechanism located down-
stream of stimulation of GTP-binding protein coupled 
receptor (GPCR) and the other is the direct regulation 
of the channel by a specific ligand binding to a site 
on the channel protein.  TRPV1 was first described as 
the capsaicin receptor and heat-activated ion channel 
in the pain pathway [25].  TRPV1 is a non-selective 
cation channel that is permeable to Ca2+, is activated 
at acid pH, and is inhibited by ruthenium red, which 
is a non-selective TRP channel blocker.  This surpris-
ing and impactful report regarding TRPV1 was fol-
lowed by a report of cold-sensitive TRPM8 by another 
group [26].  TRPV1 and TRPM8 are oppositely gated 
by heat and cold.  Heat activates TRPV1 by shifting 
the voltage-dependent range for activation to physio-
logical voltages and TRPM1 is similarly activated but 
by cold instead of heat.  TRPM4 with a mutation is 
associated with progressive familial heart block type I 
(PFHBI) that exhibits autosomal dominant inheritance 
[27].  TRPM4 is a calcium-activated NSCC and may 
play a key role in the control of membrane potential 
and electrical activity of electrically excitable insulin 
secretory cells (INS1).  The translocation of TRPM4 
from a vesicular pool and its subsequent fusion with 
the plasma membrane via Ca2+-dependent exocyto-

Table 1  Non-selective cation channels expressed in β-cells  
NSCCs Ion selectivity (physiological roles, mediators)
TRPs Trpv1,2,4 Ca2+>Na+ (sensor)

Trpm2 Ca2+>Na+ [16] or Ca2+<Na+ [74, 75] (GLP-1, cyclic ADP-ribose, H2O2)
Trpm4 Ca2+<<Na+ (Ca2+ store depletion, Ca2+)
Trpm5 Ca2+<<Na+ (Ca2+ store depletion, Ca2+)
Trpm7 mRNA in pancreas [20]
Trpc1,3,4,6 Na+, Ca2+, K+ (Gq-PLC mediated)

5-HT (Htr3a) Na+, Ca2+, K+ highly expressed during pregnancy
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from L-cells at intestinal villus in response to nutri-
ent in lower gut as glucose-dependent insulinotropic 
polypeptide (GIP) in K-cells from upper gut, stim-
ulates insulin secretion after meal [37, 38].  There 
have been many efforts to determine the mechanis-
tic pathway by which GLP-1 elicits a positive effect 
on insulin secretion and to identify the type of ion 
channels responsible or to clarify the mechanistic site 
involved in this fundamentally pivotal physiology 
[15, 39-46].  Rapid progress and findings regarding 
these open questions were made following the report 
that TRPM2-deficient mice showed a lack of effect of 
GLP-1 on insulin secretion [17, 36].  GLP-1 depolar-
izes the membrane potential at a low glucose concen-
trations and its mechanistic pathway is through cAMP 
and an exchange protein directly activated by cAMP 
2 (EPAC2 [47, 48]), but not protein kinase A (PKA)-
dependent [36].  Exendine-4, a GLP-1 analogue that 
is resistant to dipeptidyl peptidase 4 (DPP4) degrada-
tion, causes current activation of the TRPM2 that is a 
class of NSCCs when co-applied with a KATP chan-
nel inhibitor.  This current increase was not observed 
in TRPM2-KO mice and was inhibited by ESI-09 
(an EPAC inhibitor) and by 2-APB (a non-selective 
TRPM2 antagonist), but not by H89 (a PKA inhib-
itor).  Furthermore, these currents (NSCC current) 
were activated by 8-CPT-2-O-Me-cAMP, an EPAC 
activator and the current activation was abolished in 
TRPM2-KO mice-cells.  Thus, it was concluded that 
EPAC2 activates TRPM2 and that this activation is 
an important pathway underlying incretin-potentiated 
insulin secretion.  TRPM2 is also activated by GIP 
[36] and pituitary adenylate cyclase-activating poly-
peptide (PACAP) (unpublished data).  Interestingly 
these GLP-1 effects on insulin secretion associated 
with TRPM2 activation are mediated by GLP-1 con-
centrations between 10 pM and 1 nM.  These concen-
trations are exactly within the physiological range of 
the change in GLP-1 concentration after meal [38].  

EPAC2 serves as a major pathway for cAMP-medi-
ated potentiation of GSIS [49].  Glucose-mediated 
NSCC current activation was attenuated in the  
presence of the EPAC2 inhibitor ESI-09 and in 
TRPM2-KO mice [36].  In TRPM2-KO mice, the 
GLP-1 effect on GSIS was completely attenuated [17].  
The combined data suggested that GLP-1 mainly reg-
ulates membrane potential and potentiates insulin  
secretion via an EPAC2/TRPM2 pathway that may be 
a common pathway of both glucose and GLP-1 signals.  

NSCC current shows a reversal potential and slope 
conductance of -15.4 mV and 82.6 pS/pF, respectively 
[36].  Glucose at concentrations of 2.8, 5.6 and 16.6 
mM dose-dependently increased the NSCC current.  
These effects of glucose on current increases in NSCC 
were not the result of glucose-induced KATP channel 
inhibition, because the same results were observed in 
the presence of the potassium channel blocker, tolbu-
tamide.  Similarly, NSCC-current increase was also 
evoked by increasing the glucose concentration to 
16.6 mM in the absence of tolbutamide and further 
addition of tolbutamide did not influence the current 
level at the holding potential of -80 mV that is close 
to the potassium equilibrium potential (calculated as 
-82 mV).  These findings suggested that the glucose 
effect on NSCC modulation was metabolism–depen-
dent, and this notion was supported by the fact that 
the glucose-induced NSCC-current increase was not 
observed in the presence of the mitochondrial elec-
tron transport uncoupler, FCCP [36].  Thus, glucose 
metabolism evokes not only KATP channel inhibition 
as shown in Fig. 2D (broken black line), but it also 
increases the NSCC current (inward current) (Fig. 2D, 
broken red line).  In fact, exposure to tolbutamide at 
2.8 mM glucose depolarized the membrane only to 
-50.4 mV, whereas the membrane was further depo-
larized to -18.2 mV at 16.6 mM glucose [36].  Thus 
exposure of β-cells to tolbutamide alone at a low glu-
cose concentration depolarizes the membrane to a 
lesser extent than that which occurs at a high glucose 
concentration (see and compare Fig. 2 A and D).  We 
reported that this glucose-induced NSCC increase is 
due to opening of the TRPM2 channel, because this 
glucose effect was attenuated in β-cells from TRPM2-
deficient mice [36].  These double effects of glucose 
on KATP-channel inhibition and NSCC (TRPM2) 
activation may synergistically and effectively depolar-
ize the membrane to quickly trigger the first-phase of 
insulin secretion as illustrated in Fig. 2D.  This mech-
anism may contribute to “priming” of the triggering 
pathway because glucose-induced TRPM2 activation 
is observed within a shorter time after exposure of the 
β-cells to glucose than glucose-induced KATP channel 
inhibition [36].  

TRPM2 channels as a GLP-1  
mechanism potentiating GSIS

GLP-1 is an incretin hormone, which is secreted 
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A receptor-operated TRP channel pathway 
may be the major regulatory mechanism 

of GPCR agonistic and antagonistic  
mediations in β-cells

The GLP-1 mediated cAMP/EPAC2/TRPM2 path-
way is inhibited by ghrelin, an acylated 28-amino acid 
peptide that is produced in the stomach and that has 
been found to be the endogenous ligand for a GPCR, 
the growth hormone (GH) secretagogue-receptor 
(GHSR) [50].  Ghrelin inhibits GSIS from the per-
fused pancreas, isolated islets and β-cell lines [51-55].  
Ghrelin and GHSR are located in the pancreatic islets 
[20, 56].  We have found that the insulinostatic actions 
of ghrelin are mediated via the pertussis toxin (PTX)-
sensitive G-protein Gαi2 in β-cells, which leads to 
attenuation of cAMP and [Ca2+]i signaling in β-cells 
and insulin release from islets by glucose stimulation 
[57, 58].  This unique signal coupling to the cAMP 
level in the cell antagonizes the glucose stimulation 
of insulin secretion that activates EPAC2/TRPM2 as 
has been described above and potentiates the trigger-
ing pathway in GSIS [36, 59].  This hypothesis can be 

confirmed because ghrelin antagonizes GSIS by coun-
teracting cAMP production by glucose [60] (see Fig. 
3, P-3 and P-4).  NSCC-current increase due to 8.3 
mM glucose (TRPM2-current increase) was attenu-
ated in the presence of 10 nM ghrelin.  This antag-
onistic effect of ghrelin was not observed in β-cells 
from growth hormone secretagogue-receptor (GHSR) 
deficient mice.  A glucose-induced increase in NSCC 
could not be observed in TRPM2-deficient mice [36, 
59].  Both cAMP production and [Ca2+]i increase 
induced by glucose were suppressed by ghrelin in 
β-cells of GHSR-null/Ins-Cre mice in which GHSR 
was re-expressed in islet cells [59].  Presumably some 
level of cAMP per se in the cytosol is essential to 
maintain normal GSIS.  The fact that ghrelin inhibits 
GSIS via cAMP production also suggests that intrinsi-
cally produced cAMP is critical for normal GSIS pro-
cess.  Similarly, a membrane permeable cAMP ana-
logue also effectively maintains GSIS during a normal 
response [61].  

Both glucose metabolism and GLP-1 receptor stim-
ulation increased the activity of TRPM2 channels via 
the cAMP-EPAC pathway but not via the PKA path-
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Fig. 3	 TRP-dependent model for modulation of GSIS
	 The P-1 (pathway 1) shows the GPR40 pathway that activates TRPC3.  The P-2 (pathway 2) shows the incretin hormone-

dependent cAMP/EPAC2 pathway that activates TRPM2.  The novel glucose-stimulated pathway is indicated by P-3 (pathway 
3).  Its antagonistic pathway that is utilized by ghrelin or adrenalin is indicated by P-4 (pathway 4) and this pathway may 
inhibit P-3 at the cAMP production site.  The P-3 pathway synergistically depolarizes the membrane in concert with KATP 
channel inhibition that is the classical pathway of metabolism-dependent KATP-channel inhibition (P-5).  
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way [36].  As increases in glucose concentration 
reportedly induce oscillations of cAMP in the cyto-
plasmic space in β-cells and these oscillations are pre-
ceded and potentiated by elevation of [Ca2+]i [62], the 
activation of the cAMP/EPAC/TRPM2 channel by 
glucose metabolism may further facilitate glucose-
induced depolarization that depends on KATP channel 
closure (Fig. 3, P-3 and P-5).  

However, TRPM2 is modulated by many other 
metabolites or specific activators including adenos-
ine diphosphoribose (ADPR) or hydrogen-peroxide, 
H2O2.  H2O2 over-production is closely related to 
β-cell death, possibly because H2O2 opens a number 
of TRPM2 channels and excess entry of Ca2+ through 
the channels may result in Ca2+ overload and apop-
tosis [63].  The hypothesis that cyclic ADP-ribose 
(cADPR) produced from NAD+ by ADP-ribosyl 
cyclase (CD38) mobilizes Ca2+ from intracellular 
stores and stimulates insulin secretion in the GSIS  
process was proposed a long time ago.  In support 
of this possibility TRPM2 channels are expressed in 
lysosomal Ca2+ stores and also in the plasma mem-
brane [63].  It may be required to revisit this pre-
viously postulated hypothesis [64].  This cADPR 
hypothesis may hold true and, if so, cADPR may be 
considered as a mediator of GSIS because cADPR  
is a potent activator of TRPM2 channels [16, 65].  

GPR40 signaling is mediated by TRPC3

We further propose a novel regulation of GPCR-
mediated TRP-channel activity and insulin secretion 
(Fig 3, P-1).  GPR40 is a Gq-coupled protein recep-
tor and unsaturated medium- or long-chain free fatty 
acids are the ligands of this receptor [66].  Stimulation 
of GPR40 activates phospholipase C (PLC) that hydro-
lyzes phosphatidylinositol 4,5- bisphosphate (PIP2), 
resulting in the production of inositol 1,4,5-trisphos-
phate (IP3) and diacylglycerol (DAG).  Increased IP3 
binds to the IP3 receptor of the endoplasmic reticulum 
(ER) and mobilizes Ca2+ to increase [Ca2+]i release 
from the ER [67-72].  DAG promotes F-actin remodel-
ing and potentiates GSIS via protein kinase D1 [73].  A 
GPR40-specific agonist (fasiglifam) potentiated GSIS 
at glucose concentrations that were close to the thresh-
old but insufficient to elicit membrane excitement fol-
lowed by firing of action potential and insulin secre-
tion [59].  The NSCC current activated by fasiglifam 
was abolished by the presence of the TRPC3 (transient 

receptor potential canonical) channel blocker, pyr-
azole-3.  Inhibitors of PLC or protein kinase C (PKC) 
inhibited the increases in GSIS and the NSCC current 
induced by GPR40.  Stimulation of the GPR40–PLC/
PKC–TRPC3 channel pathway is suggested to function 
as GPR40 agonist-induced GSIS.  TRPC3 activation 
potentiates the depolarization of the plasma membrane 
in rat or mouse pancreatic β-cells.  

In summary, Fig 3 shows our concluding hypothesis 
in which glucose and GPCR ligands induce initiation 
and potentiation of GSIS via regulation of the mem-
brane potential.  As has been established for a long 
time, glucose metabolism closes the KATP channel and 
depolarizes the membrane to trigger GSIS; however, 
as shown in the figure, another glucose pathway that 
uses a different mechanism opens the TRMP2 chan-
nel by utilizing cAMP/EPAC2 molecules (Fig. 3, P-3).  
The latter pathway facilitates membrane depolarization 
together with glucose/metabolism/KATP channel clo-
sure (P-5).  Thus, glucose-induced membrane depolar-
ization results not only from closure of the KATP chan-
nel but also from opening of TRPM2 channels.  Incretin 
hormones activate the cAMP/EPAC2/TRPM2 pathway 
to further potentiate GSIS.  Receptor-operated TRPM2 
opening is attained in a shorter time than glucose 
metabolism-induced KATP channel closure.  These 
effects of incretin action on this pathway that lead to 
modulation of GSIS may contribute to “the priming” 
of β-cells for triggering of GSIS by glucose, although 
further confirmation is required.  Ghrelin or adrenalin 
antagonizes these glucose/cAMP/TRPM2 pathways 
(P-4 vs. P-3), and presumably antagonizes the incretin/
cAMP/TRPM2 pathway as well (P-2).  However the 
latter effect has not yet been confirmed.  We also pro-
pose here that another GPCR ligand for GPR40 acti-
vates the TRPC3 channel via the Gq/PLC/DAG (PKC) 
pathway (P-1).  Further molecular mechanisms linking 
PKC and TRPC3 remain to be elucidated.  

Acknowledgments

This work was supported by grants-in-aid for scien-
tific research and priority areas from the Japan Society 
for the Promotion of Science (JSPS) (15K09396 
to M. Kak. and 16K19545 to M.Y.) and Japanese 
Diabetes Foundation (to M.Kak. and T.Y.); No other 
potential conflicts of interest relevant to this article  
were reported.  



8 Kakei et al.

Endocrine Journal  Advance Publication

  1.	 Ashcroft FM, Rorsman P (1989) Electrophysiology 
of the pancreatic beta-cell. Prog Biophys Mol Biol 54: 
87-143.

  2.	 Rorsman P (1997) [Electrophysiological studies of insu-
lin secretion, physiology and pathophysiology]. Nord 
Med 112: 164-168.

  3.	 Henquin JC (2000) Triggering and amplifying path-
ways of regulation of insulin secretion by glucose. 
Diabetes 49: 1751-1760.

  4.	 Seino S (2012) Cell signalling in insulin secretion: 
the molecular targets of ATP, cAMP and sulfonylurea. 
Diabetologia 55: 2096-2108.

  5.	 Ashcroft FM, Rorsman P (2012) Diabetes mellitus and 
the beta cell: the last ten years. Cell 148: 1160-1171.

  6.	 Henquin JC, Meissner HP (1984) Significance of ionic 
fluxes and changes in membrane potential for stimulus-
secretion coupling in pancreatic B-cells. Experientia 
40: 1043-1052.

  7.	 Yada T, Kakei M, Tanaka H (1992) Single pancreatic 
beta-cells from normal rats exhibit an initial decrease 
and subsequent increase in cytosolic free Ca2+ in 
response to glucose. Cell Calcium 13: 69-76.

  8.	 Aizawa T, Sato Y, Ishihara F, Taguchi N, Komatsu M, et 
al. (1994) ATP-sensitive K+ channel-independent glu-
cose action in rat pancreatic beta-cell. Am J Physiol 266: 
C622-627.

  9.	 Leech CA, Habener JF (1998) A role for Ca2+-sensitive 
nonselective cation channels in regulating the mem-
brane potential of pancreatic beta-cells. Diabetes 47: 
1066-1073.

10.	 Leech CA, Holz GG, Habener JF (1996) Signal trans-
duction of PACAP and GLP-1 in pancreatic beta cells. 
Ann N Y Acad Sci 805: 81-92; discussion 92-83.

11.	 MacDonald PE, Wang X, Xia F, El-kholy W, Targonsky 
ED, et al. (2003) Antagonism of rat beta-cell voltage-
dependent K+ currents by exendin 4 requires dual acti-
vation of the cAMP/protein kinase A and phosphati-
dylinositol 3-kinase signaling pathways. J Biol Chem 
278: 52446-52453.

12.	 MacDonald PE, Wheeler MB (2003) Voltage-dependent 
K+ channels in pancreatic beta cells: role, regulation 
and potential as therapeutic targets. Diabetologia 46: 
1046-1062.

13.	 Yada T, Itoh K, Nakata M (1993) Glucagon-like pep-
tide-1-(7-36)amide and a rise in cyclic adenosine 
3′,5′-monophosphate increase cytosolic free Ca2+ in rat 
pancreatic beta-cells by enhancing Ca2+ channel activ-
ity. Endocrinology 133: 1685-1692.

14.	 Ammala C, Eliasson L, Bokvist K, Larsson O, Ashcroft 
FM, et al. (1993) Exocytosis elicited by action poten-
tials and voltage-clamp calcium currents in individual 
mouse pancreatic B-cells. J Physiol 472: 665-688.

15.	 Holz GG 4th, Kuhtreiber WM, Habener JF (1993) 

Pancreatic beta-cells are rendered glucose-compe-
tent by the insulinotropic hormone glucagon-like pep-
tide-1(7-37). Nature 361: 362-365.

16.	 Togashi K, Hara Y, Tominaga T, Higashi T, Konishi Y, 
et al. (2006) TRPM2 activation by cyclic ADP-ribose 
at body temperature is involved in insulin secretion. 
EMBO J 25: 1804-1815.

17.	 Uchida K, Dezaki K, Damdindorj B, Inada H, Shiuchi 
T, et al. (2011) Lack of TRPM2 impaired insulin secre-
tion and glucose metabolisms in mice. Diabetes 60: 
119-126.

18.	 Uchida K, Tominaga M (2011) The role of thermosensi-
tive TRP (transient receptor potential) channels in insu-
lin secretion. Endocr J 58: 1021-1028.

19.	 Uchida K, Tominaga M (2014) The role of TRPM2 in 
pancreatic beta-cells and the development of diabetes. 
Cell Calcium 56: 332-339.

20.	 Fonfria E, Murdock PR, Cusdin FS, Benham CD, 
Kelsell RE, et al. (2006) Tissue distribution profiles 
of the human TRPM cation channel family. J Recept 
Signal Transduct Res 26: 159-178. 

21.	 Clapham DE (2003) TRP channels as cellular sensors. 
Nature 426: 517-524.

22.	 Montell C, Rubin GM (1989) Molecular character-
ization of the Drosophila trp locus: a putative inte-
gral membrane protein required for phototransduction. 
Neuron 2: 1313-1323.

23.	 Montell C (2011) The history of TRP channels, a com-
mentary and reflection. Pflugers Arch 461: 499-506.

24.	 Ferreira LG, Faria RX (2016) TRPing on the pore phe-
nomenon: what do we know about transient receptor 
potential ion channel-related pore dilation up to now? J 
Bioenerg Biomembr 48: 1-12.

25.	 Caterina MJ, Schumacher MA, Tominaga M, Rosen 
TA, Levine JD, et al. (1997) The capsaicin receptor: a 
heat-activated ion channel in the pain pathway. Nature 
389: 816-824.

26.	 Voets T, Droogmans G, Wissenbach U, Janssens A, 
Flockerzi V, et al. (2004) The principle of temperature-
dependent gating in cold- and heat-sensitive TRP chan-
nels. Nature 430: 748-754.

27.	 Kruse M, Schulze-Bahr E, Corfield V, Beckmann A, 
Stallmeyer B, et al. (2009) Impaired endocytosis of 
the ion channel TRPM4 is associated with human pro-
gressive familial heart block type I. J Clin Invest 119: 
2737-2744.

28.	 Cheng H, Beck A, Launay P, Gross SA, Stokes AJ, et al. 
(2007) TRPM4 controls insulin secretion in pancreatic 
beta-cells. Cell Calcium 41: 51-61.

29.	 Larsson MH, Hakansson P, Jansen FP, Magnell K, 
Brodin P (2015) Ablation of TRPM5 in Mice Results 
in Reduced Body Weight Gain and Improved Glucose 
Tolerance and Protects from Excessive Consumption 

References



9TRP signals in insulin secretion

Endocrine Journal  Advance PublicationEndocrine Journal  Advance Publication

of Sweet Palatable Food when Fed High Caloric Diets. 
PLoS One 10: e0138373.

30.	 Colsoul B, Jacobs G, Philippaert K, Owsianik G, Segal 
A, et al. (2014) Insulin downregulates the expression of 
the Ca2+-activated nonselective cation channel TRPM5 
in pancreatic islets from leptin-deficient mouse models. 
Pflugers Arch 466: 611-621.

31.	 Shigeto M, Ramracheya R, Tarasov AI, Cha CY, 
Chibalina MV, et al. (2015) GLP-1 stimulates insulin 
secretion by PKC-dependent TRPM4 and TRPM5 acti-
vation. J Clin Invest 125: 4714-4728.

32.	 Wie J, Kim J, Ha K, Zhang YH, Jeon JH, et al. (2015) 
Dexamethasone activates transient receptor potential 
canonical 4 (TRPC4) channels via Rasd1 small GTPase 
pathway. Pflugers Arch 467: 2081-2091.

33.	 Islam MS (2011) TRP Channels of Islets. Adv Exp Med 
Biol 704: 811-830.

34.	 Ohara-Imaizumi M, Kim H, Yoshida M, Fujiwara T, 
Aoyagi K, et al. (2013) Serotonin regulates glucose-stim-
ulated insulin secretion from pancreatic beta cells during 
pregnancy. Proc Natl Acad Sci U S A 110: 19420-19425.

35.	 Kim H, Toyofuku Y, Lynn FC, Chak E, Uchida T, et 
al. (2010) Serotonin regulates pancreatic beta cell mass 
during pregnancy. Nat Med 16: 804-808.

36.	 Yosida M, Dezaki K, Uchida K, Kodera S, Lam NV, et 
al. (2014) Involvement of cAMP/EPAC/TRPM2 activa-
tion in glucose- and incretin-induced insulin secretion. 
Diabetes 63: 3394-3403.

37.	 Mojsov S, Weir GC, Habener JF (1987) Insulinotropin: 
glucagon-like peptide I (7-37) co-encoded in the gluca-
gon gene is a potent stimulator of insulin release in the 
perfused rat pancreas. J Clin Invest 79: 616-619.

38.	 Holst JJ (2007) The physiology of glucagon-like pep-
tide 1. Physiol Rev 87: 1409-1439.

39.	 Suga S, Kanno T, Nakano K, Takeo T, Dobashi Y, et 
al. (1997) GLP-I(7-36) amide augments Ba2+ current 
through L-type Ca2+ channel of rat pancreatic beta-cell 
in a cAMP-dependent manner. Diabetes 46: 1755-1760.

40.	 Leech CA, Habener JF (1997) Insulinotropic glucagon-
like peptide-1-mediated activation of non-selective cat-
ion currents in insulinoma cells is mimicked by mai-
totoxin. J Biol Chem 272: 17987-17993.

41.	 Gromada J, Ding WG, Barg S, Renstrom E, Rorsman 
P (1997) Multisite regulation of insulin secretion by 
cAMP-increasing agonists: evidence that glucagon-
like peptide 1 and glucagon act via distinct receptors. 
Pflugers Arch 434: 515-524.

42.	 Gromada J, Holst JJ, Rorsman P (1998) Cellular regula-
tion of islet hormone secretion by the incretin hormone 
glucagon-like peptide 1. Pflugers Arch 435: 583-594.

43.	 Gromada J, Brock B, Schmitz O, Rorsman P (2004) 
Glucagon-like peptide-1: regulation of insulin secretion 
and therapeutic potential. Basic Clin Pharmacol Toxicol 
95: 252-262.

44.	 Jacobo SM, Guerra ML, Hockerman GH (2009) Cav1.2 

and Cav1.3 are differentially coupled to glucagon-
like peptide-1 potentiation of glucose-stimulated insu-
lin secretion in the pancreatic beta-cell line INS-1. J 
Pharmacol Exp Ther 331: 724-732.

45.	 Seino S, Takahashi H, Fujimoto W, Shibasaki T (2009) 
Roles of cAMP signalling in insulin granule exocytosis. 
Diabetes Obes Metab 11 Suppl 4: 180-188.

46.	 Kwon HJ, Park HS, Park SH, Park JH, Shin SK, et al. 
(2016) Evidence for glucagon-like peptide-1 receptor 
signaling to activate ATP-sensitive potassium channels 
in pancreatic beta cells. Biochem Biophys Res Commun 
469: 216-221.

47.	 Seino S, Shibasaki T (2005) PKA-dependent and PKA-
independent pathways for cAMP-regulated exocytosis. 
Physiol Rev 85: 1303-1342.

48.	 Ozaki N, Shibasaki T, Kashima Y, Miki T, Takahashi K, 
et al. (2000) cAMP-GEFII is a direct target of cAMP in 
regulated exocytosis. Nat Cell Biol 2: 805-811.

49.	 Shibasaki T, Takahashi H, Miki T, Sunaga Y, Matsumura 
K, et al. (2007) Essential role of Epac2/Rap1 signaling 
in regulation of insulin granule dynamics by cAMP. 
Proc Natl Acad Sci U S A 104: 19333-19338.

50.	 Howard AD, Feighner SD, Cully DF, Arena JP, Liberator 
PA, et al. (1996) A receptor in pituitary and hypothala-
mus that functions in growth hormone release. Science 
273: 974-977.

51.	 Dezaki K, Hosoda H, Kakei M, Hashiguchi S, Watanabe 
M, et al. (2004) Endogenous ghrelin in pancreatic islets 
restricts insulin release by attenuating Ca2+ signaling 
in beta-cells: implication in the glycemic control in 
rodents. Diabetes 53: 3142-3151.

52.	 Colombo M, Gregersen S, Xiao J, Hermansen K (2003) 
Effects of ghrelin and other neuropeptides (CART, 
MCH, orexin A and B, and GLP-1) on the release of 
insulin from isolated rat islets. Pancreas 27: 161-166.

53.	 Wierup N, Yang S, McEvilly RJ, Mulder H, Sundler F 
(2004) Ghrelin is expressed in a novel endocrine cell 
type in developing rat islets and inhibits insulin secre-
tion from INS-1 (832/13) cells. J Histochem Cytochem 
52: 301-310.

54.	 Egido EM, Rodriguez-Gallardo J, Silvestre RA, Marco 
J (2002) Inhibitory effect of ghrelin on insulin and pan-
creatic somatostatin secretion. Eur J Endocrinol 146: 
241-244.

55.	 Reimer M K, Pacini G, Ahren B (2003) Dose-dependent 
inhibition by ghrelin of insulin secretion in the mouse. 
Endocrinology 144: 916-921.

56.  Kageyama H, Funahashi H, Hirayama M, Takenoya F, 
Kita T, et al. (2005) Morphological analysis of ghrelin 
and its receptor distribution in the rat pancreas. Regul 
Pept 126: 67-71.

57.	 Dezaki K, Kakei M, Yada T (2007) Ghrelin uses 
Galphai2 and activates voltage-dependent K+ channels 
to attenuate glucose-induced Ca2+ signaling and insulin 
release in islet beta-cells: novel signal transduction of 



10 Kakei et al.

Endocrine Journal  Advance Publication

ghrelin. Diabetes 56: 2319-2327.
58.	 Dezaki K, Damdindorj B, Sone H, Dyachok O, 

Tengholm A, et al. (2011) Ghrelin attenuates cAMP-
PKA signaling to evoke insulinostatic cascade in islet 
beta-cells. Diabetes 60: 2315-2324.

59.	 Yamada H, Yoshida M, Ito K, Dezaki K, Yada T, et al. 
(2016) Potentiation of glucose-stimulated insulin secre-
tion by the GPR40-PLC–TRPC pathway in pancreatic 
β-Cells. Sci Rep 6: 25912.

60.	 Kurashina T, Dezaki K, Yoshida M, Sukma Rita R, Ito 
K, et al. (2015) The beta-cell GHSR and downstream 
cAMP/TRPM2 signaling account for insulinostatic and 
glycemic effects of ghrelin. Sci Rep 5: 14041.

61.	 Fujimoto W, Miki T, Ogura T, Zhang M, Seino Y, et 
al. (2009) Niflumic acid-sensitive ion channels play an 
important role in the induction of glucose-stimulated 
insulin secretion by cyclic AMP in mice. Diabetologia 
52: 863-872.

62.	 Dyachok O, Idevall-Hagren O, Sagetorp J, Tian G, 
Wuttke A, et al. (2008) Glucose-induced cyclic AMP 
oscillations regulate pulsatile insulin secretion. Cell 
Metab 8: 26-37.

63.	 Lange I, Yamamoto S, Partida-Sanchez S, Mori Y, Fleig 
A, et al. (2009) TRPM2 functions as a lysosomal Ca2+-
release channel in beta cells. Sci Signal 2: ra23.

64.	 Takasawa S, Nata K, Yonekura H, Okamoto H (1993) 
Cyclic ADP-ribose in insulin secretion from pancreatic 
beta cells. Science 259: 370-373.

65.	 Togashi K, Inada H, Tominaga M (2008) Inhibition of the 
transient receptor potential cation channel TRPM2 by 
2-aminoethoxydiphenyl borate (2-APB). Br J Pharmacol  
153: 1324-1330.

66.	 Itoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, 
et al. (2003) Free fatty acids regulate insulin secretion 
from pancreatic beta cells through GPR40. Nature 422: 
173-176.

67.	 Ahren B (2009) Islet G protein-coupled receptors as 
potential targets for treatment of type 2 diabetes. Nat 
Rev Drug Discov 8: 369-385.

68.	 Nolan CJ, Madiraju MS, Delghingaro-Augusto V, Peyot 
ML, Prentki M (2006) Fatty acid signaling in the beta-
cell and insulin secretion. Diabetes 55 Suppl 2: S16-23.

69.	 Briscoe CP, Tadayyon M, Andrews JL, Benson WG, 
Chambers JK, et al. (2003) The orphan G protein-cou-
pled receptor GPR40 is activated by medium and long 
chain fatty acids. J Biol Chem 278: 11303-11311.

70.	 Fujiwara K, Maekawa F, Yada T (2005) Oleic acid inter-
acts with GPR40 to induce Ca2+ signaling in rat islet 
beta-cells: mediation by PLC and L-type Ca2+ chan-
nel and link to insulin release. Am J Physiol Endocrinol 
Metab 289: E670-E677.

71.	 Latour MG, Alquier T, Oseid E, Tremblay C, Jetton 
TL, et al. (2007) GPR40 is necessary but not sufficient 
for fatty acid stimulation of insulin secretion in vivo. 
Diabetes 56: 1087-1094.

72.	 Leech CA, Dzhura I, Chepurny OG, Kang G, Schwede 
F, et al. (2011) Molecular physiology of glucagon-like 
peptide-1 insulin secretagogue action in pancreatic beta 
cells. Prog Biophys Mol Biol 107: 236-247.

73.	 Ferdaoussi M, Bergeron V, Zarrouki B, Kolic J, Cantley 
J, et al. (2012) G protein-coupled receptor (GPR)40-
dependent potentiation of insulin secretion in mouse 
islets is mediated by protein kinase D1. Diabetologia 
55: 2682-2692. 

74.	 Sano Y, Inamura K, Miyake A, Mochizuki S, Yokoi H, 
et al. (2001) Immunocyte Ca2+ influx system mediated 
by LTRPC2. Science 293: 1327-1330.

75.	 Kraft R, Grimm C, Grosse K, Hoffmann A, Sauerbruch 
S, et al. (2004) Hydrogen peroxide and ADP-ribose 
induce TRPM2-mediated calcium influx and cation 
currents in microglia. Am J Physiol Cell Physiol 286: 
C129-137.


