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Glucose-incretin interaction revisited
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Abstract.  Pancreatic beta cell dysfunction is pivotal to the development of diabetes, and restoration of insulin action is of 
primary importance.  Here, we present a review of the mechanism of insulin secretion by pancreatic beta cells and discuss 
the mutual interaction of signaling pathways in stimulus-secretion coupling to better understand the scientific basis of 
pharmacological treatment for insulin secretion deficiency.  Glucose stimulates insulin secretion via membrane depolarization 
by closure of ATP-sensitive K+ channels (KATP channels) and opening of L-type voltage-dependent Ca2+ channels.  The 
resultant elevation of cytosolic free Ca2+ triggers insulin exocytosis.  This is termed the “KATP-dependent pathway” and is 
shared by sulfonylurea, which closes KATP channels.  Glucose also stimulates insulin release independent of its action on 
KATP channels.  This is referred to as the “KATP-independent pathway,” the molecular basis of which remains elusive.  In 
the pancreatic beta cell, incretin hormones increase cAMP level, which enhances glucose-stimulated insulin release by 
protein kinase A-dependent and -independent mechanisms.  Importantly, cAMP does not directly augment Ca2+-stimulated 
insulin release per se.  The stimulatory level of ambient glucose is an absolute requirement for incretin to enhance insulin 
release.  Therefore, incretin/cAMP enhances KATP-independent insulinotropic action of glucose.  The robust glucose-
lowering effect of DPP4 inhibitor add-on in diabetic patients with sulfonylurea secondary failure is intriguing.  With the 
clinical availability of DPP4 inhibitor and GLP-1 mimetics, the importance of the interactions between cAMP signaling 
and KATP channel-independent actions of glucose is reappraised.
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Insulin is the only hormone that lowers plasma 
glucose concentration.  Therefore, insufficient insulin 
activity leads to chronic elevation of plasma glucose 
and diabetes mellitus, and restoration of insulin activ-
ity is vital for normalization of metabolism in diabetes.  
Here, we present a review of the pathophysiology of 
insulin deficiency in type 2 diabetes (T2D), stimulus-
secretion coupling in the pancreatic beta cells, and the 
interaction of glucose and cAMP signal to provide a 
comprehensive view regarding the basis of pharmaco-
logical treatment of patients with T2D. 

1. Evolution of T2D 

Both insulin deficiency and insulin resistance play 
pivotal roles in the development of T2D.  Early in 

1991, the “two-step theory” was proposed for the evo-
lution of T2D [1].  That is, a sedentary lifestyle initially 
causes obesity and reduced insulin sensitivity.  As a 
compensation, insulin secretion by the pancreatic beta 
cell increases, which is often insufficient to restore 
normoglycemia.  The result is non-diabetic hyperg-
lycemia associated with hyperinsulinemia.  Then, as 
the beta cell function deteriorates, T2D develops with 
impaired insulin secretion.  However, the importance 
of impaired insulin secretion as a risk factor for future 
T2D in the non-diabetic population had long been rec-
ognized prior to this hypothesis [2].  The two-step the-
ory was corrected in 1999 even in Pima Indians [3].  In 
Asian populations, insulin resistance is less prominent 
than in Caucasians with a similar incidence of T2D in 
both groups.  This strongly suggests the importance of 
insulin deficiency in the pathogenesis of T2D.  In fact, 
not only in Japanese but also in other ethnic groups, 
glucose-induced insulin secretion is clearly diminished 
in subjects in whom plasma glucose concentration is 
slightly elevated but remains within the normal range 
[4-9].  More recently, profound and progressive impair-
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class of antidiabetic agents, are attracting a great deal 
of attention because they increase insulin secretion via 
mechanisms distinct from those of SU and glinide.  
They enhance insulin secretion in a glucose-dependent 
manner, therefore avoiding hypoglycemia caused by 
inappropriate insulin secretion. 

2. Mechanisms of insulin secretion from 
the pancreatic beta cells

Fig. 1 shows the mechanisms of insulin release 
stimulated by glucose, which is the most potent insu-
lin secretagog.  Glucose enters the pancreatic beta 
cells via glucose transporters.  In the cytosol, glu-
cose is phosphorylated by glucokinase to glucose-6-
phosphate, which is the rate-limiting step for glucose 
metabolism in beta cells.  Glucose-6-phosphate is sub-
sequently metabolized by a cascade of reactions result-
ing in the production of pyruvate, which is transported 
into the mitochondria and subjected to further metab-
olism.  ATP is produced as a result of mitochondrial 
metabolism.  Increases in the cytosolic ATP concentra-
tion and/or the ATP/ADP ratio induce closure of KATP 
channels, a determinant of the membrane potential of 
pancreatic beta cells.  Diminished K+ outflow due to 

ment of pancreatic beta cell function in the spectrum 
of prediabetic to diabetic range has been confirmed in 
obese and non-obese Caucasians [10, 11].  Defects in 
insulin secretion have a primary role in the evolution 
of T2D and are strongly enhanced by reduced insulin 
sensitivity [12].  

Three different modalities are available for treating 
insulin deficiency, which can be used as monotherapy 
or in various combinations.  First, sulfonylurea (SU) 
and glinide stimulate insulin release by closure of ATP-
sensitive K+ channels (KATP channels).  Second, dipep-
tidyl peptidase-4 (DPP4) inhibitor and glucagon-like 
peptide-1 (GLP-1) mimetic enhance insulin release by 
increasing cAMP levels in the beta cells.  Finally, insu-
lin injection can be used to directly supply insulin sub-
cutaneously.  SU stimulates insulin release from the 
pancreatic beta cells, thereby compensating for defi-
cient insulin secretion and reduced plasma glucose lev-
els.  This class of antidiabetic agent has been used for 
over 50 years and there is a great deal of evidence for 
its efficacy in the treatment of T2D [13].  Glinide also 
stimulates insulin release via a similar mechanism with 
a rapid onset and short biological half-life, and so is 
especially suitable for controlling postprandial hyper-
glycemia.  DPP4 inhibitor and incretin analogs, a new 

Fig. 1	 Stimulus-secretion coupling in pancreatic beta cells. Glucose stimulates insulin release via KATP channel-dependent and -independent 
pathways. The molecular basis for the latter pathways are largely unknown, and include several distinct mechanisms. Incretin 
hormones upregulate cAMP and enhance KATP channel-independent glucose action.  GLP-1, glucagon-like peptide-1; GIP, glucose-
dependent insulinotropic polypeptide; GLUT, glucose transporter; KATP channel, ATP-sensitive K+ channel; [Ca2+]i, cytosolic free 
Ca2+concentration.
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closure of KATP channels causes membrane depolariza-
tion and opening of voltage-dependent Ca2+ channels, 
which is followed by Ca2+ influx.  Finally, elevation of 
cytosolic free Ca2+ concentrations ([Ca2+]i) beneath the 
plasma membrane immediately promotes fusion of the 
beta granule and the plasma membrane.  The pairing 
of the membrane-soluble N-ethylmaleimide-sensitive 
factor (t-SNARE) with the vesicle membrane SNARE 
(v-SNARE) occurs as in the nerve endings upon exci-
tation.  Studies of the detailed molecular mechanism by 
which Ca2+ stimulates insulin exocytosis are currently 
in progress. 

In addition, glucose shows insulinotropic actions 
independent of its effects on KATP channels [14].  The 
existence of this glucose action was demonstrated 
by the strong stimulation of insulin release by glu-
cose even when KATP channels are pharmacologically 
clamped either open or closed [15-17].  That is, glucose 
stimulates insulin release in the presence of diazoxide 
or glibenclamide, which open and close KATP channels, 
respectively.  Insulin release in response to a depolar-
izing concentration of K+ is augmented in the case of 
diazoxide experiment [16, 17].  A stimulatory concen-
tration of glucose does not cause elevation of [Ca2+]i in 
the presence of diazoxide [18] or glibenclamide [15], 
because the KATP channels are kept open or closed, 
respectively.  These were designated as KATP chan-
nel-independent glucose actions.  The KATP channel-
independent insulinotropic action of glucose is con-
centration-dependent with the curve shifted slightly to 
the left compared to glucose-stimulated insulin release 
under regular conditions [19].  This suggests that the 
metabolic threshold is lower for KATP channel-inde-
pendent vs. KATP channel-dependent actions of glu-
cose.  Importantly, elevation of [Ca2+]i is not manda-
tory for the KATP-independent glucose action event to 
trigger insulin exocytosis, at least in the experimen-
tal setting, because the physiological range of glu-
cose elicits robust insulin release without any elevation 
of [Ca2+]i under stringent Ca2+-free conditions given 
an activator of protein kinase C (PKC), and an acti-
vator of adenylyl cyclase is present [20, 21].  Time-
dependent potentiation of beta cells by glucose, which 
primes the beta cell secretory machinery for subsequent 
stimulation, occurs in a KATP-independent and Ca2+-
independent manner [22].  The molecular basis for the 
KATP channel-independent action of glucose, which 
encompasses Ca2+-independent action, is unclear.  ATP 
[23], GTP [24, 25], malonyl-CoA [26-28], protein acy-

lation [29, 30], and NADPH [31] have been proposed 
as candidate mediators of KATP channel-independent 
glucose action.  The recently identified glucoreceptors 
in beta cells may also be involved [32]. 

The incretins are a group of hormones secreted in 
the intestine upon meal intake, and have long been rec-
ognized as physiological enhancers of insulin release 
[33].  Glucose-dependent insulinotropic polypeptide 
(GIP), which is secreted from K cells in the upper small 
intestine, and GLP-1, which is secreted from L cells 
in the lower small intestine and large intestine, both 
stimulate insulin release.  Incretins bind to specific het-
erotrimeric membrane receptors in beta cells, result-
ing in activation of adenylyl cyclase and increased 
cellular cAMP levels.  Enhancement of insulin release 
by cAMP is shown schematically in Fig. 1.  cAMP 
enhances insulin release in protein kinase A (PKA)-
dependent and -independent manners [34-36].  More 
than 10 years ago, we found that cAMP enhances glu-
cose-stimulated insulin release but not Ca2+-stimulated 
insulin release per se if ambient glucose concentra-
tion is substimulatory [37].  Forskolin, an activator of 
adenylyl cyclase, and GLP-1 fail to augment insulin 
release elicited by a depolarizing concentration of K+ 
in the absence of glucose [37].  As suggested by this 
finding, cAMP strongly augments the KATP channel-
independent, Ca2+-independent, insulinotropic actions 
of glucose (Fig. 1) [37, 38].  The interactions of PKC, 
a mediator of acetylcholine-induced insulin release, 
and Ca2+ signals are different in that PKC activators 
robustly augment Ca2+-stimulated insulin release even 
in the absence of glucose, suggesting a direct interac-
tion.  Taken together, these observations refute the sim-
plistic view that Ca2+ elevation triggers insulin exocy-
tosis and that cAMP has a direct enhancing effect. 

3. Glucose-incretin interaction 

In view of stimulus-secretion coupling of the pan-
creatic beta cells, the recent clinical observation of 
a combinatorial effect of DPP4 inhibitor and SU in 
patients with T2D is intriguing.  Addition of DPP4 
inhibitor not only effectively improves glucose con-
trol in a significant number of diabetic patients with 
poor glycemic control with maximum SU dose, but 
also induced a substantial number of severe hypogly-
cemic episodes.  The effectiveness of all antidiabetic 
agents decreases over time.  For SUs, this phenom-
enon is referred to as “secondary failure” [39].  Beta 
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tion of cellular cAMP by DPP4 inhibitor may restore 
the KATP channel-independent enhancement of Ca2+-
stimulated insulin release (Fig. 2 (3)).  We constructed 
this hypothesis based on circumstantial evidence, 
as mentioned above, and further studies are required 
for verification.  Recently, Epac2 was proposed as a 
common molecular target of SU and cAMP [40, 41].  
However, as SU-evoked insulin secretion is completely 
dependent on elevation of [Ca2+]i, Epac2 is unlikely to 
be involved in the synergism between SU and cAMP 
under physiological conditions. 

4. Perspectives

Physiological insulin secretion in vivo is coordi-
nately regulated by a number of stimulatory, modu-
latory, and inhibitory factors.  Among them, glucose 
is the most important regulator of insulin secretion.  
Plasma glucose concentration changes gradually and 
never fluctuates abruptly under physiological condi-
tions in contrast to the changes seen under experimen-
tal conditions.  An important feature of the regulation 
of insulin secretion is the interaction between glucose 
and non-glucose fuels, such as amino acids and fatty 
acids, incretin hormones, and neurotransmitters, all of 
which show gradual increases and decreases in concen-
tration.  In insulin release experiments, the extracellu-
lar Ca2+ concentration is usually set to between 2 and 
2.5 mM, which is necessary to reliably demonstrate 

cell function has been considered profoundly impaired 
in an irreversible manner in patients with SU second-
ary failure.  Additional administration of DPP4 inhibi-
tor in such patients was expected to have little if any 
plasma glucose lowering effect.  Unexpectedly, how-
ever, addition of DPP4 inhibitor to SU often resulted 
in significant improvement of hyperglycemia and even 
apparent hypoglycemia in some patients.  Interestingly, 
addition of DPP4 inhibitor to SU did not produce as 
marked an effect in Caucasian patients.  The synergism 
between SU and DPP4 inhibitor, i.e., Ca2+ and cAMP 
signals, in the presence of excessive hyperglycemia is 
notable, because hypoglycemia was practically absent 
with DPP4 inhibitor monotherapy in Japanese T2D 
patients.  As described above, SU and DPP4 inhibi-
tor increase insulin release with distinct mechanisms 
in stimulus-secretion coupling.  Fig. 2 illustrates three 
major pathways leading to insulin exocytosis.  With SU 
“secondary failure,” the beta cell is under tonic stimu-
lation with excessive hyperglycemia and KATP channel 
closure, which is induced by a large amount of SU.  It 
should be noted that SU simply binds to SUR1, a KATP 
channel subunit, leading to closure of Kir6.2, the coun-
terpart of the channel; this process is not altered by 
hyperglycemia (Fig. 2 (1)).  Thus, SU secondary failure 
is not associated with insufficient elevation of [Ca2+]i,
but is associated with failure of glucose to enhance 
Ca2+-stimulated insulin release in a KATP channel-in-
dependent manner (Fig. 2 (2)).  In this situation, eleva-

Fig. 2  Interactions among three major pathways leading to insulin exocytosis.
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dent glucose action.  To implement safe and effective 
pharmacological treatment for insulin deficiency and 
to further explore novel targets of antidiabetic agents 
in pancreatic beta cells, it will be essential to determine 
the molecular basis of KATP channel-independent glu-
cose action. 
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glucose-stimulated insulin secretion in vitro.  However, 
this is almost double the physiological plasma con-
centration of Ca2+.  Therefore, caution is required in 
interpreting and extrapolating these in vitro results 
into humans.  The physiological relevance of various 
mechanisms leading to insulin exocytosis may be over-
looked or exaggerated. 

Stimulus-secretion coupling in pancreatic beta cells 
has not been fully elucidated.  In particular, the mecha-
nism of glucose-stimulated insulin release is only par-
tially understood.  The KATP channel-dependent path-
way has been relatively well characterized, while KATP 
channel-independent pathways are unclear.  Clinical 
application of DPP4 inhibitor and GLP-1 mimetics 
reinforced the importance of KATP channel-indepen-
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