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Abstract
Pancreatic β-cells in the islets of Langerhans secrete insulin in response to blood glucose levels. Precise control of the amount 
of insulin secreted is of critical importance for maintaining systemic carbohydrate homeostasis. It is now well established 
that glucose induced production of ATP from ADP and the  KATP channel closure elevate cytosolic  Ca2+, triggering insulin 
exocytosis in β-cells. However, for full activation of insulin secretion by glucose, other mechanisms besides  Ca2+ elevation 
are needed. These mechanisms are the targets of current research and include intracellular metabolic pathways branching 
from glycolysis. They are metabolic pathways originating from the TCA cycle intermediates, the glycerolipid/free fatty acid 
cycle and the pentose phosphate pathway. Signaling effects of these pathways including degradation (removal) of protein 
SUMOylation, modulation of insulin vesicular energetics, and lipid modulation of exocytotic machinery may converge 
to fulfill insulin secretion, though the precise mechanisms have yet to be elucidated. This mini-review summarize recent 
advances in research on metabolic coupling mechanisms functioning in insulin secretion.
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Introduction

The International Diabetes Federation reported that approxi-
mately 537 million adults were suffering from diabetes, 
while more than 1.2 million children and adolescents were 
living with type 1 diabetes, in 2021 [1]. Now increasing 
numbers of young people are being diagnosed with type 2 
diabetes, especially in developing countries such as those 
in the Middle East [2]. Etiologically, diabetes is very com-
plex disease, but recent studies on the pathophysiology of all 
types of diabetes have focused on pancreatic β-cells [3–5]. 
Therefore, a precise and comprehensive understanding of 
β-cell biology would provide the basis for diabetes preven-
tion, treatment and management, including diet therapy and 
the development of new drugs.

This issue of Diabetology International presents two mini-
reviews aimed at providing readers with the most recent core 
information on the mechanisms of insulin secretion from 

pancreatic β-cells. In this first article, how elevation of blood 
glucose is transduced to signals for exocytosis will be sum-
marized. The second article, by Nagao and colleagues, will 
discuss how exocytosis is regulated in β-cells.

MA Lane described being struck by his finding of two 
distinct cell types in the islets of Langerhans in the autumn 
of 1905 [6]. This is the first recognition of different cell types 
in pancreatic islets of Langerhans, 36 years after the discov-
ery of this mini-organ in 1869. Since then, the mechanisms 
of regulating insulin secretion have attracted the attention of 
researchers. The goals are to determine how the β-cell recog-
nizes blood glucose concentrations and how it then secrets 
an appropriate amount of insulin back into the bloodstream. 
The existence of a cell membrane-associated glucoreceptor 
was suggested decades ago [7]. Although glucose may play 
a role via interactions with plasma membrane molecules [8], 
glucose metabolism is a prerequisite for glucose-stimulated 
insulin secretion (GSIS).

Medical students learn about the “excitation–contrac-
tion coupling” in skeletal muscles in their early physiology 
courses [9, 10]. They also study “stimulus-secretion cou-
pling” in nerve endings and neuroendocrine cells [11]. Dur-
ing these physiological phenomena, cells transduce external 
information into transmittable forms and convey it to other 
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cells. In pancreatic β-cells, blood glucose concentrations are 
information transduced into the amounts of insulin secreted 
into the blood stream. The central mechanism is a special 
form of “stimulus-secretion coupling”, namely “metabo-
lism-secretion coupling” as introduced by Wollheim and 
colleagues [12]. As to the mechanisms of “excitation–con-
traction coupling” and “stimulus-secretion coupling”, recep-
tion of the external information at the cell surface mem-
brane immediately induces ionic events governed mainly 
by  Ca2+. In the β-cell, transduction of the blood glucose 
concentrations into ionic events is much more complex. In 
the past quarter century, owing to the development of novel 
molecular cell biology techniques, including small interfer-
ing RNA and CRISPR/Cas9, major progresses have been 
achieved. This mini-review presents a summary of the gen-
eration of intracellular signals for insulin exocytosis evoked 
by glucose.

Overview of glucose‑stimulated insulin 
secretion (GSIS)

As in other excitable cells, elevation of cytosolic  Ca2+ is 
the initial trigger for insulin exocytosis from β-cells. Thus, 
glucose metabolism raises ATP and decreases ADP levels, 
thereby increasing the ATP/ADP ratio which in turn results 
in closure of the ATP-dependent  K+  (KATP) channel at the 
plasma membrane. Major ions distributed across the plasma 
membrane are  K+,  Na+, and  Cl− and intracellular and extra-
cellular concentrations of these ions determine membrane 
potential, according to the Goldman–Hodgkin–Katz equa-
tion, with different relative contributions defined by chan-
nel status (open or closed). Thus, closure of  KATP channels 
evoke membrane depolarization and opening of voltage-
dependent  Ca2+ channels, which then induce cytosolic  Ca2+ 
elevation. Since pharmacological and molecular inhibition 
of store-operated  Ca2+ entry suppresses GSIS [13],  Ca2+ 
mobilization from the intracellular store also contributes to 
β-cell response to elevated glucose concentrations.

Although glucose induced intracellular elevation of  Ca2+ 
triggers insulin secretion, in the early 1990s, two studies [14, 
15] demonstrated that glucose can augment insulin secretion 
on top of the effects of elevated  Ca2+. This means that glu-
cose not only raises intracellular  Ca2+ via membrane depo-
larization, through  KATP channel closure, but also gener-
ates signals for insulin secretion independently of this  KATP 
channel closure. The former mechanism plays an important 
role in the initiation of GSIS, and is thus referred to as the 
“triggering pathway”. The latter mechanism is called the 
“amplifying pathway” and two-thirds of the insulin secretion 
evoked by glucose is due to the latter pathway. Therefore, in 
the past quarter century, considerable research attention has 
been given to this mechanism.

Special feature of glycolysis in β‑cells

Glucose is the fundamental fuel for living organisms and 
every cell is equipped with the glycolysis pathway. For 
β-cells, glucose is not only a fuel molecule but also is a 
molecule conveying information of systemic carbohydrate 
metabolism. Thus, glucose sensing β-cells have the special 
feature of glycolysis (Fig. 1). The glucose transport rate far 
exceeds the rate of glucose utilization. Therefore, modula-
tions of glucose transport capacities do not affect insulin 
secretion, while the glucose phosphorylation step governed 
by glucokinase determines the overall rate of glucose utiliza-
tion [16]. The MODY2 study provides clinical evidence for 
the importance of glucokinase [17]. Glucokinase is a distinct 
isoform of the hexokinase family. It has a high km value 
suitable for responding to physiological glucose changes 
and is not inhibited by the product, glucose-6-phosphate. 
Another glycolysis-related distinct characteristic of the 
β-cell is low expression of lactate dehydrogenase (LDH) 
and monocarboxylate transporters (MCTs) [18]. Thus, only 
a small fraction of the pyruvate generated through glycolysis 
is metabolized to lactate while a major fraction is efficiently 
transported to the mitochondria. In addition, low expressions 
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Fig. 1  Pancreatic β-cell glycolysis and metabolic pathways stem-
ming from glycolysis. Arrow width represents the relative amount of 
metabolic flux mediated by each enzyme. The TCA cycle initiated by 
pyruvate entry, the glycerolipid/free fatty acid cycle boosted by glyc-
erol-3-phosphate and the pentose phosphate pathway originating from 
glucose-6-phoshtae, mediate generation of metabolism-secretion cou-
pling factors
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of LDH and MCTs render β-cells selectively responsive to 
glucose but not lactate [19, 20]. Lactate serves as an energy 
source in other cells, such as neurons.

Recently, further modifications of glycolysis at a distal 
step have been discovered. Phosphoenolpyruvate (PEP) is 
provided not only from the upper half of glycolytic system 
but also from mitochondria via mitochondrial PEP carbox-
ykinase/PCK2 at high glucose concentrations (Fig. 1) [21]. 
PCK2 knockout (KO) mice reportedly show reduced insulin 
secretion [22]. In their β-cells, some fraction of pyruvate 
kinase (PK) is localized beneath the plasma membrane and 
localized ADP consumption and ATP generation by PK is 
sufficient to raise the ATP/ADP ratio for closure of  KATP 
channels [21]. These features of glycolysis make glucose the 
strongest known secretagogue.

In addition to these special features of glycolysis in the 
β-cell, there is the additional interesting feature regard-
ing the connection between glycolysis and mitochondrial 
metabolism. In β-cells, pyruvate carboxylase (PC) expres-
sion is higher than other tissues [23]. A high level PC and 
the resulting increase in anaplerosis has been implicated in 
GSIS. However, the high level of PC expression in β-cells 
was reported to be restricted to rodents, i.e. it was not 
observed in human β-cells [24].

On the basis of β-cell glycolysis with these special fea-
tures, downstream branches of metabolic pathways generate 
signals for insulin secretion: they are (1) pathways originat-
ing from metabolites of the mitochondrial tricarboxylic acid 
(TCA) cycle, (2) the glycerolipid/free fatty acid cycle, and 
(3) the pentose phosphate pathway.

Mitochondria as an organelle generating coupling 
factors for insulin exocytosis

Experimental data and clinical observations have established 
the importance of mitochondria in GSIS. One line of evi-
dence comes from studies of mitochondrial DNA- depleted 
insulin secreting cells [25, 26]. Discovery of mitochondrial 
diabetes also highlight the importance of mitochondria for 
β-cell function [27]. Glucose activates the TCA cycle, sev-
eral intermediates of which are points of origin for genera-
tion of coupling factors/second messengers, as discussed in 
detail below.

Citrate and isocitrate as sources of cytosolic NADPH

One of the most intensively studied candidate second mes-
sengers is NADPH, since it is a high energy compound pro-
duced upon cellular exposure to glucose [28]. NADPH is 
formed through metabolic pathways originating from cit-
rate, isocitrate and malate. Malate exported from the mito-
chondria was suggested to be a source of cytosolic NADPH 
which is produced by Malic enzyme 1 (ME1). However, 

the naturally occurring ME1-KO mouse [29] is not glu-
cose intolerant. Thus, the role of ME1 in the generation of 
NADPH is apparently not critical. As illustrated in Fig. 2, 
citrate exits to the cytosol through the citrate isocitrate car-
rier (CIC) and is metabolized by Aconitase 1 (ACO1) to 
isocitrate. TCA cycle isocitrate is also exported through CIC 
to the cytosol and, together with isocitrate produced from 
citrate by ACO1, is converted to α-ketoglutarate with reduc-
tion of  NADP+ to NADPH by Isocitrate dehydrogenase 1 
(IDH1). Important roles of IDH1 has been demonstrated by 
siRNA- or shRNA expression-mediated IDH1 knockdown 
experiments. IDH1 suppression resulted in reduced NADPH 
content and GSIS in INS-1 832/13 cells and rat islets [30]. 
Furthermore, CIC knockdown in INS-1 832/13 cells and rat 
islets resulted in reduced insulin secretion, supporting the 
possible role of citrate and isocitrate exiting the mitochon-
dria in GSIS [31].

Furthermore, a novel mechanism for boosting cytosolic 
NADPH generation was recently postulated [32]. By using 
isotomer analysis, α-ketoglutarate in the mitochondria was 
demonstrated to be metabolized, in the direction opposite 
that of the normal TCA flux, generating isocitrate via the 
mitochondrial isoform of  NADP+-dependent IDH (IDH2). 
This is thought to be the pathway by which citrate and isoci-
trate are regenerated from α-ketoglutarate produced in the 
cytosol. GSIS from INS-1 832/13 cells treated with siRNA 
targeting IDH2 was reportedly reduced [32]. However, a dif-
ferent research group found that chronic inhibition of IDH2 
by shRNA stable expression in INS-1 832/13 cells did not 
alter GSIS [33].

How is NADPH production linked to exocytosis of insu-
lin granules? NADPH produced by IDH1 was thought to 
reduce glutathione (GSH) by glutathione disulfide reductase 
(GSR), and the resulting reduction in GSH in turn would 
activates glutaredoxin (GRX) [28]. Further studies revealed 
that GRX reduces cysteine disulfides of sentrin/SUMO-
specific protease 1 (SENP1), thereby enhancing its deSU-
MOylation activity [34] (Fig. 2). SUMOylation is a post-
translational modification of cellular proteins and serves to 
regulate protein stability, localization and function. [35]. 
Stimulatory glucose increases SENP1 activity and triggers 
the deSUMOylation of several proteins implicated in granule 
trafficking, including the  Ca2+-sensing protein synaptotag-
min VII [36].

Despite these elegant studies, however, CIC-KO mice 
have, very interestingly, been reported to show normal abil-
ity to secret insulin in response to glucose [37]. In the CIC- 
KO mice, NADPH increases are completely blocked in the 
islets. Furthermore, IDH1 knockdown suppresses GSIS in 
the wild type mice but not CIC-KO mice, suggesting accu-
mulation of citrate due to IDH1 knockdown in the cytosol 
to be responsible [38]. Citrate accumulation may suppress 
glycolysis.
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α‑Ketoglutarate as a precursor of glutamate

Glutamate was first postulated to be a metabolic coupling 
factor based on experiments using permeabilized INS-1 
cells [38]. In this cell preparation, INS-1 cells were per-
meabilized with α-toxin, and intracellular ATP and  Ca2+ 
was clamped at sufficiently high levels for insulin secretion 
but otherwise remains normal [12]. Addition of glutamate, 
but not other mitochondrial intermediates augmented insu-
lin secretion [12, 38]. In β-cells, α-ketoglutarate is metabo-
lized to glutamate via glutamate dehydrogenase (GDH) in 
the mitochondria. Glutamate can also be generated from 
cytosolic α-ketoglutarate by aspartate aminotransferase 
(AST1) (Fig.  2). β-cell from mice with specific KO of 
GDH were reported to show reduced cellular glutamate 
content and insulin secretion in response to glucose [39]. 
In addition, mitochondrial glutamate transporter GC1 
knockdown in INS-1E cells and rat islets reduced GSIS 
[40]. It was reported that GLP-1 potentiates GSIS through 
cAMP-activated glutamate uptake into insulin containing 
granules [41]. A similar mechanism might operate in glu-
cose-activated β-cells, since glucose itself generates cAMP 
[42], although glucose-induced cAMP production is modest 
compared to that induced by incretins. How is glutamate 

production linked to exocytosis of insulin granules? It has 
been suggested that glutamate uptakes into insulin granules 
may modulate their pH and membrane potential, regulating 
insulin granule fusion with the plasma membrane [38, 41]. 
However, there is still much debate [43, 44] and the precise 
mechanisms have yet to be clarified.

Oxaloacetate as a precursor of phosphoenolpyruvate (PEP)

As mentioned earlier, it was recently discovered that mito-
chondrial PCK2 plays an important role of strengthening 
glycolysis in GSIS [21]. Pyruvate-derived oxaloacetate 
is metabolized via PCK2 to PEP, which is exported back 
to the cytosol, constituting a circular pathway, referred to 
the PEP cycle (Fig. 2). GTP produced in the mitochondria 
contributes to activation of this cycle. There are 2 isoforms 
of succinyl-CoA synthetase (SCS). SCS-ATP produces 
succinyl-CoA and ATP and another SCS-GTP produces 
succinyl-CoA and GTP. In INS-1 832/13 cells and rat islets, 
knockdown of SCS-ATP was observed to increase GSIS, 
while suppression of SCS-GTP reduced insulin secretion 
[45], suggesting that the mitochondrial GTP generated by 
SCS-GTP serves as a co-factor for mitochondrial PCK2 to 
enhance signal generation associated with insulin secretion.
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Glycerolipid/free fatty acid cycle

Lipid signaling originating from glycolysis-derived glycerol-
3-phosphate is also regarded as contributing to glucose-stim-
ulated amplification of insulin secretion (Fig. 3). Malonyl-
CoA generated from mitochondria-derived citrate plays 
an important role as a switch produced through glucose 
metabolism. Citrate exported to the cytosol is metabolized 
to acetyl CoA by ATP citrate lyase (ACLY). Acetyl-CoA in 
the cytosol is also produced from acetoacetate generated in 
the mitochondria of human islets [24]. This acetyl-CoA is 
then metabolized to malonyl-CoA by acyl-CoA carboxylase 
1 (ACC1). Malonyl-CoA is an inhibitor of carnitine pal-
mitoyltransferase 1 (CPT1) which catalyzes entry of fatty 
acyl-CoA (FA-CoA) into the mitochondria. Thus, inhibition 
of CPT1 suppresses β-oxidation of FA-CoA in the mitochon-
dria under conditions of glucose abundance and facilitates 
FA-CoA proceeding through the glycerolipid/free fatty acid 

cycle, which is boosted by glycerol-3-phophate generated in 
the glycolysis (Fig. 3). An important role of malonyl-CoA 
production in this mechanism is supported by evidence that 
islets from β-cells specific ACC1-KO mice exhibit reduced 
GSIS [46]. In addition, mammalian glycerol-phosphate 
phosphatase was recently discovered, and demonstrated to 
degrade glycerol-3-phosphate to glycerol [47]. Overexpres-
sion of this enzyme reduced GSIS and shRNA-mediated 
knockdown augmented GSIS, indicating an importance of 
glycerol-3-phosphate provided by glycolysis in GSIS [47].

Conjugation of free fatty acid to glycerol-3-phosphate 
initiates glycerolipid/free fatty acid cycle. Triglycerides 
are formed and their lipolysis then generates monoacylg-
lycerol (MAG), which activates Munc13-1. Munc13-1 is 
shown to be important for GSIS [48, 49]. In β-cells, the 
predominant MAG lipase, which hydrolyses MAG to glyc-
erol and free fatty acid, is α/β-Hydrolase domain contain-
ing 6 (ABHD6). It has been reported that ABHD6-deficient 
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and ABHD6-overexpressing β-cells showed enhanced and 
reduced GSIS, respectively, clearly indicating that ABHD6 
plays an important role in augmentation of GSIS by the 
Glycerolipid/free fatty acid cycle [50].

Pentose‑phosphate pathway

In addition to mitochondria-related pathways, recent stud-
ies revealed that pentose phosphate pathway could partici-
pate in GSIS (Fig. 3). This discovery arose from compre-
hensive metabolomics analysis of INS-1 832/13 cells [51]. 
These study uncovered significant increases in metabolites 
of the pentose phosphate pathway. This pathway generate 
NADPH, thus can be participate in the NADPH-deSU-
MOylation pathway as described earlier. Furthermore, cel-
lular nucleotide profiling in INS-1 832/13 cells identified 
an increase in adenylosuccinate (S-AMP). Since S-AMP 
is generated from inosine monophosphate (IMP) by ade-
nylosuccinate synthase (ADSS), this enzyme is postulated 
to play a regulatory role in S-AMP synthesis and β-cell 
glucose sensing (Fig. 3). It was reported that siRNA target-
ing to ADSS isoforms suppressed GSIS [52]. Interestingly, 
a candidate mechanism by which S-AMP increase insulin 
secretion involves the deSUMOylation protein SENP1. It 
is noteworthy that S-AMP-mediated insulin exocytosis is 
inhibited by siRNA targeting SENP1. Further analyses are 
anticipated to clarify how S-AMP activates insulin exocy-
tosis via SENP1 activation.

Concluding remarks

Molecular cell biology experiments and metabolome anal-
ysis in engineered insulin secreting cell lines and rodent 
models as well as human islets in the past quarter century 
have obtained a large volume of information regarding how 
β-cells regulate the amounts of insulin secreted in response 
to demand for optimal glucose homeostasis. However, con-
tradictory data have been reported. For example, whether 
or not PC is important remains uncertain [23, 24]. Several 
issues still under debate have been discussed in recent review 
articles [53, 54]. While such data are initially seemed chal-
lenging and even frustrating, they were soon proven to be 
useful for refining models or theories as well as for shaping 
our understanding of β-cell signal transduction. It is hoped 
that continued research efforts will fully clarify the intercon-
nected molecular mechanisms underlying GSIS, and thereby 
ultimately lead to identification of target molecules for treat-
ment, as well as novel strategies for managing, and perhaps 
even curing, diabetes.
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