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Review

Glutamate as intracellular and extracellular signals
in pancreatic islet functions

By Harumi TAKAHASHI,*1 Norihide YOKOI*1 and Susumu SEINO*1,†

(Communicated by Hiroo IMURA, M.J.A.)

Abstract: L-Glutamate is one of the most abundant amino acids in the body and is a
constituent of proteins and a substrate in metabolism. It is well known that glutamate serves as a
primary excitatory neurotransmitter and a critical neuromodulator in the brain. Recent studies
have shown that in addition to its pivotal role in neural functions, glutamate plays many important
roles in a variety of cellular functions, including those as intracellular and extracellular signals.
In pancreatic islets, glutamate is now known to be required for the normal regulation of insulin
secretion, such as incretin-induced insulin secretion. In this review, we primarily discuss the
physiological and pathophysiological roles of glutamate as intracellular and extracellular signals in
the functions of pancreatic islets.
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1. Introduction

L-Glutamate (hereafter referred to as glutamate)
is a naturally occurring amino acid (i.e., classified as
a non-essential amino acid) and is one of the most
abundant amino acids in the body. Glutamate is
synthesized in most tissues, including brain, liver,
kidney, skeletal muscle, and pancreatic islets. Besides
synthesis in the body, glutamate is contained in
many different types of food, and dietary glutamate
(as either free form or monosodium form or both) is
also a source of glutamate in the body. In addition to
being a constituent of a variety of proteins and a
key substrate in mammalian metabolism, glutamate
has multiple functions as a signal transduction
molecule. In the brain, glutamate serves as a
principal excitatory neurotransmitter and a critical
neuromodulator, which regulate synaptic plasticity,
learning, memory, and neural development.1) These
effects are mediated by glutamate receptors.2),3)

Although glutamate in the blood is present in

substantial concentrations (30–100 µM), it is only
present in low concentrations in the extracellular
brain fluid (0.5–2 µM).4),5) In most regions of the
brain, the uptake of glutamate from circulation is
limited by the blood-brain-barrier; therefore, free
glutamate is primarily derived from de novo synthe-
sis from L-glutamine (hereafter referred to as
glutamine) in local regions.

Dietary glutamate exerts various effects, includ-
ing in umami taste, digestion, nutrient absorption,
and metabolism via brain activation.6) These effects
may be mediated through glutamate sensors, e.g., the
umami taste receptor, which is functionally linked to
the afferent sensory nerves.7)

In pancreatic islets, glutamate is present in and
released from ,-cells.8),9) Glutamate at pharmaco-
logical concentrations potentiates insulin secretion
from perfused rat pancreas and pancreatic islets.10),11)

However, a recent study has shown that inhibition
of the N-methyl-D-aspartate (NMDA) receptor in
pancreatic O-cells enhances insulin secretion, suggest-
ing that endogenous glutamate might tonically
inhibit insulin secretion in pancreatic islets, which
are exposed to relatively high concentrations of
extracellular glutamate.12)

In contrast to the functions of extracellular
glutamate, little is known about the role of intra-
cellular glutamate in cellular functions. We showed
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recently that glutamate in pancreatic O-cells acts as
a critical signal in incretin-induced insulin secretion
(IIIS).13) In this review, we discuss the roles of
glutamate as an intracellular and extracellular
signaling molecule in pancreatic islet functions.

2. Glutamate metabolism

Glutamate is formed primarily from glutamine
and ,-ketoglutarate (,-KG) in distinct metabolic
pathways in normal conditions (Fig. 1). In the
mitochondrion, glutamate is formed by the reductive
amination of the Krebs cycle intermediate ,-KG by
glutamate dehydrogenase (GDH1 and 2). In the
cytosol, glutamate is formed by an aspartate amino-
transferase 1 (AST1)-catalyzed reaction between
aspartate and ,-KG to produce oxaloacetate as part
of the malate-aspartate (MA) shuttle. Glutamate is
also formed from glutamine by glutaminase (GLS)
in some tissues such as the kidney, liver, and brain.
GLS has tissue-specific isozymes: GLS1 referred to

as kidney-type and GLS2 as liver-type. In addition,
glutamate is formed in a reaction catalyzed by
glutamine:fructose 6-phosphate aminotransferase be-
tween fructose 6-phosphate and glutamine in the
hexosamine biosynthesis pathway branching from
glycolysis. Relative contributions of the above path-
ways to glutamate biosynthesis may differ in cell-
types and pathological states.

Glutamate is converted to ,-KG by several
enzymes including glutamate dehydrogenase (GDH1
and 2) and aspartate aminotransferase 2 (AST2, also
known as glutamic-oxaloacetic transaminase 2) and
alanine aminotransferase 1 (ALT1, also known as
glutamic-pyruvic transaminase 1; GPT1) in the
mitochondria. In the brain, glutamate is converted
to glutamine by glutamine synthetase in the presence
of ammonia.14),15) Glutamate is also converted to
.-aminobutyric acid by glutamate decarboxylase
(GAD1 and GAD2) in the brain and pancreatic O-
cells.
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Fig. 1. Biosynthesis of glutamate. Glutamate is formed from ,-KG by GDH in mitochondria and by AST1 in the cytosol. Glutamate
produced in mitochondria is transported to the cytosol through mitochondrial glutamate carrier GC1. Glutamate is also formed from
glutamine by GLS located in the mitochondrial inner membrane. In the hexosamine biosynthesis pathway, glutamate is formed from
glutamine in a reaction catalyzed by GFAT. ,-KG, ,-ketoglutarate; Aralar1, aspartate-glutamate carrier; AST1, aspartate
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phosphate; GC1, glutamate carrier; GDH, glutamate dehydrogenase; GFAT, glutamine:fructose 6-phosphate aminotransferase;
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3. Glutamate receptors and glutamate
transport systems

Extracellular glutamate exerts various effects on
cellular responses through cell surface receptors, i.e.,
glutamate receptors. Glutamate receptors are classi-
fied into two glutamate receptor families: ionotropic
glutamate receptors (iGluRs) and metabotropic
glutamate receptors (mGluRs) (Fig. 2).2),3),16),17)

iGluRs are ligand-gated ion channels that produce
glutamate-evoked currents. There are three subfami-
lies of iGluRs: ,-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA), kainate, and NMDA
receptors. iGluRs function as a tetramer of subunits.
NMDA receptors comprise two GluN1 subunits and
either GluN2 or combination of GluN2 and GluN3
subunits. AMPA receptors assemble as a homote-
tramer or heterotetramer of GluA1 to GluA4.
Subunits of kainate receptors (GluK1–3) form a
homo- or heterotetramer, but GluK4 and GluK5
require GluK1–3 to form functional receptors.17)

On the other hand, mGluRs are G-protein
coupled receptors that control cellular processes via
G-protein signaling. mGluRs are classified into three
groups: Groups I, II, and III.3),18) Group I includes
mGluR1 and mGluR5, which mediate Gq signaling.
Group II includes mGluR2 and mGluR3, which

mediate Gi/o signaling. Group III includes mGluR4,
mGluR6, mGluR7, and mGluR8, which also mediate
Gi/o signaling. mGluRs are different from other G-
protein coupled receptors in that they have a large
extracellular domain that contains a ligand binding
site and they exist as a dimer.

Glutamate is transported across the membrane
through a family of glutamate transporters, which is
composed of two subfamilies: the excitatory amino
acid transporter (EAAT) family19),20) and the vesic-
ular glutamate transporter (VGLUT) family.21),22)

The plasma membrane glutamate transport is
mediated by EAAT1–5, whereas vesicular membrane
glutamate transport is mediated by VGLUT1–3. In
the brain, EAATs transport glutamate from the
synaptic cleft into glial cells and neurons, and
VGLUTs transport glutamate from the cytoplasm
into synaptic vesicles.

4. Roles of glutamate in pancreatic O-cell

Role of O-cell glutamate as a signal in
glucose-induced insulin secretion. The role of
glutamate in glucose-induced insulin secretion (GIIS)
has been discussed for many years. In the 1990s,
glutamate dimethyl ester, a membrane permeable
glutamate precursor, was shown to enhance insulin
secretion in rat islets.23) It was reported that
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Fig. 2. Glutamate receptors. Ionotropic glutamate receptors (iGluRs) assemble as tetrameric complexes of subunits. There are three
main groups of iGluRs: N-methyl-D-aspartate (NMDA), ,-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and
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mitochondrial activation directly triggered insulin
secretion in pancreatic O-cells;24) subsequent studies
proposed that glutamate derived from mitochondria
acts as a messenger in GIIS.25),26) Glutamate pro-
duced by GDH in mitochondria was suggested to be
transported to the cytosol through the glutamate
carrier (GC1),27) then transported into insulin secre-
tory granules to augment insulin secretion, although
how glutamate is transported into the granules
was not shown in these studies. Knockdown of GC1
in INS-1E O-cells was found to partially reduce GIIS
(by 930%). GDH has been considered to be a key
enzyme in controlling GIIS.28) While overexpression
of GDH in rat islets amplified GIIS,29) GIIS in the
islets from GDH-deficient mice was reduced by 50%
compared with that from control islets.30),31) Hyper-
insulinemia and hyperammonemia in infants are
caused by activating mutations of GDH, which is
associated with increased activity of GDH due to
reduced GTP-mediated inhibition or higher sensitiv-
ity to the allosteric activator ADP.32)–34) However,
the role of mitochondrial glutamate in GIIS has
remained controversial. It was reported that the
intracellular glutamate level was not altered by
glucose stimulation in pancreatic islets and O-cell
lines and that there was no correlation between the
elevation of intracellular glutamate content and the
amount of insulin secretion.35),36) In addition, mito-
chondrial glutamate was found to occupy a relatively
small fraction of total cellular glutamate content in
MIN6-K8 O-cells.13) Thus, although the activity of
GDH in mitochondria is important for the regulation
of GIIS, the physiological role of mitochondrial
glutamate produced by GDH in GIIS still remains
to be clarified.

Role of O-cell glutamate as a signal in
incretin-induced insulin secretion. Incretins, such
as glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic polypeptide, are released
from gut enteroendocrine cells upon meal ingestion,
and they potentiate GIIS by binding to specific
receptors on O-cells and activating cAMP signal-
ing.37),38) The glucose-dependent effect of incretins
on insulin secretion has led to the development of
incretin-related drugs, dipeptidyl peptidase-4 inhib-
itors and GLP-1 receptor agonists, which are
currently used worldwide for the treatment of type 2
diabetes.39),40) However, the relationship between
glucose metabolism and incretin signaling in pancre-
atic O-cells was not known. A recent study using
two insulin-secreting O-cell lines, MIN6-K8 and
MIN6-K20 O-cells, has clarified that glutamate

produced through the MA shuttle is a key signal
linking glucose metabolism to incretin/cAMP action
to amplify insulin secretion.13) MIN6-K8 and MIN6-
K20 O-cells were cloned from the IT6 mouse
harboring insulinoma. Although both MIN6-K8 and
MIN6-K20 O-cells exhibit GIIS, they differ in incretin
responsiveness; MIN6-K8 O-cells exhibit IIIS but
MIN6-K20 O-cells do not.41) These cell lines provided
a clue to clarify the mechanism of IIIS. Metabolome
analysis showed that MIN6-K8 and MIN6-K20 O-
cells have distinct metabolic profiles; the contents of
metabolites from glucose metabolism including glu-
cose 6-phosphate, fructose 6-phosphate, fructose 1,6-
bisphosphate, nicotinamide adenine dinucleotide,
glutamate, and aspartate are higher in MIN6-K8
cells than those in MIN6-K20 cells, indicating that
both glycolysis and the MA shuttle are enhanced in
MIN6-K8 cells. Pharmacological or genetic inhibition
of the MA shuttle revealed the shuttle to be required
for IIIS but not for GIIS. Mitochondrial glutamate
was proposed previously to be a signal for GIIS;
however, this notion has remained controversial, as
described above. Therefore, whether or not gluta-
mate produced through glucose metabolism acts as
a signal in IIIS was explored. To measure cytosolic
glutamate produced from glucose metabolism, meta-
bolic flux analysis using stable isotope-labeled [U-
13C]-glucose was utilized (Fig. 3). Of the six gluta-
mate isotopomers, M (no substitution with 13C) and
MD1 to MD5 (one to five substitutions with 13C,
respectively), M and MD1 isotopomers are naturally
occurring glutamate in cells, whereas the MD2 to
MD5 isotopomers are glutamate derived from me-
tabolism of [U-13C]-glucose. MD2 to MD5 glutamate
isotopomers increased in the cytosol when MIN6-K8
O-cells were stimulated with [U-13C]-glucose. Inhib-
ition of the MA shuttle by treatment with amino-
oxyacetate (AOA), an inhibitor of the MA shuttle,
abolished the increase in the levels of MD2 to MD5
isotopomers in the cytosol. In addition, knockout of
AST1, an enzyme that produces cytosolic glutamate
through the MA shuttle, in clonal O-cells generated
using the CRISPR/Cas9 system, almost completely
blocked the increase in the levels of MD2 to MD5
glutamate isotopomers and markedly decreased IIIS
(Fig. 4).42) Thus, glutamate produced through the
MA shuttle is required for IIIS.

Application of glutamate into primary mouse
O-cells dose-dependently stimulated exocytosis in the
presence of cAMP, as assessed using capacitance
measurements.13) Total internal reflection fluores-
cence microscopy analysis showed that glutamate
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dimethyl ester amplifies both the first and the second
phases of glucose-induced insulin granule exocytosis,
mimicking the incretin effect on potentiation of
insulin secretion.13) These findings indicated that
cytosolic glutamate acts as a critical amplifying
signal in IIIS.

In neurons, glutamate is transported into
secretory vesicles through VGLUTs.21),22) Pharmaco-
logical inhibition of glutamate transport using Evans
Blue or knockdown of VGLUT1 did not affect GIIS,
but reduced IIIS. Insulin secretion induced by GLP-1
was abolished, but glutamate dimethyl ester restored
insulin secretion in pancreatic islets from VGLUT1

knockout mice, suggesting that glutamate transport
into insulin granules through VGLUT1 is required
for IIIS. To confirm this, clonal O-cell lines deficient
in VGLUT1 were initially established, but IIIS was
only partially reduced, possibly due to the compen-
satory expressions of VGLUT2, VGLUT3, or both
in VGLUT1 knockout O-cell lines. Accordingly,
VGLUT1, VGLUT2, and VGLUT3 triple knockout
(TKO) cell lines were generated using CRISPR/Cas9
system.42) TKO O-cell lines showed a marked impair-
ment in IIIS (Fig. 5). These findings provided direct
evidence that glutamate transport into insulin
granules through VGLUTs is essential for IIIS. Based

MIN6-K8 β-cells stimulated by [U-13C]-glucose
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Fig. 3. Metabolic flux analysis. Uniformly-labeled [U-13C]-glucose was used to determine the amount of glutamate produced through
glucose metabolism. Each glutamate isotopomer is quantified by mass spectrometry. For details, see the text.
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on the findings above, it is suggested that the
amplification of insulin secretion by incretin/cAMP
signaling requires two essential steps: cytosolic
glutamate production through the MA shuttle of
glucose metabolism and the transport of glutamate
into insulin granules by cAMP signaling (Fig. 6).13)

However, the precise mechanisms by which gluta-
mate is transported into insulin granules and
glutamate in the granules triggers insulin exocytosis
are still unknown. It was found that partial
suppression of vacuolar HD ATPase (V-ATPase) by
bafilomycin and knockdown of a subunit of V-
ATPase reduced IIIS,13) suggesting that granule
acidification by V-ATPase is involved in glutamate
action in insulin exocytosis. V-ATPase is known to
be composed of two domains: an ATP-hydrolytic
cytosolic domain (V1) and a proton-translocation
domain (V0) located in the vesicle membrane.43)

Assembly and disassembly of the V0 and V1 domains
have been shown to be regulated by intravesicular
pH.44) Furthermore, VAMP2, a component of the
exocytotic machinery, has been reported to associate
with a subunit of the dissociated V0 domain of
V-ATPase and to promote exocytosis of synaptic
vesicles.45) These findings suggested a possible
mechanism by which glutamate signaling regulates
the exocytosis of insulin: glutamate transport into
insulin granules further decreases granule pH, which
induces disassembly of the V0 and V1 domains of
V-ATPase, and association of VAMPs and the V0

domain, thereby promoting exocytosis of insulin
granules. Further investigation will be required for
elucidation of the mechanism.

It has been reported that glutamate inhibits
protein phosphatases (PPases) in a O-cell line, INS-
1E.46) Glutamate inhibits PPase activity in INS-1E
cell homogenates with an IC50 of 9400 µM, suggest-
ing that PPase activity is almost completely inhib-
ited when cells are stimulated by a high concen-
tration of glucose that increases cellular glutamate
contents to the mM range. The elevated protein
phosphorylation level by inhibition of PPase activ-
ities may also contribute to the potential of
glutamate to amplify insulin exocytosis (Fig. 6).47)

Glutamate transport into secretory vesicles
through VGLUT. VGLUT was initially identified
as a brain-specific NaD-dependent inorganic phos-
phate co-transporter.48) It was later clarified that
this transporter was indeed VGLUT1.49),50) Similarly,
differentiation-associated NaD-dependent inorganic
phosphate co-transporter, another member of the
NaD-dependent inorganic phosphate transporters
family,51) was identified as a vesicular glutamate
transporter and renamed VGLUT2.52)–56) VGLUT3,
the third subtype of VGLUT, discovered in 2002, is
similar to VGLUT1 and VGLUT2 in its structure
and function.57)–60)

The electrochemical proton gradient ("µHD)
across the synaptic vesicle membrane, which is
composed of an electrical gradient ("*) and a pH
gradient ("pH) provided by V-ATPase, is a driving
force of glutamate transportation through
VGLUTs.61) It is well known that glutamate trans-
port through VGLUT is regulated by the Cl!

concentration.62)–64) A low millimolar concentration
of Cl! stimulates glutamate transport; a high
concentration of Cl! inhibits glutamate transport.
This is attributed to the dependency of "* and "pH
on the intra- and extravesicular concentration of
Cl!.65) Several models have been proposed for the
mechanism by which a low concentration of Cl!

regulates glutamate transport. For example, in one
model, Cl! influx into synaptic vesicles through
VGLUT or other chloride channels, such as ClC-3,
leads to the generation of "pH by a decrease in
vesicular pH, thereby promoting glutamate transport
through VGLUT.66)–68) In another model, Cl!

regulates the activity of VGLUT by binding to the
allosteric site of VGLUT.69),70)

VGLUT1, VGLUT2, and VGLUT3 were re-
ported to be expressed in rodent islets and O-cell
lines.13),71),72) It is possible that the fundamental
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mechanism of glutamate transport into insulin
granules is similar to that of synaptic vesicles, and
the "µHD formed by V-ATPase is a driving force
for glutamate transport into insulin granules. The
influx of glutamate through VGLUT itself also
contributes to the formation of "* and "pH.72)

Chloride channels (e.g., ClC-3) in insulin granules
have also been shown to be involved in insulin
exocytosis by regulating pH in insulin granules,73),74)

suggesting that the influx of Cl! through ClC-3
contributes to the generation of "µHD, which
promotes glutamate transport into insulin granules.
EAAT2 is expressed in insulin granules in mouse O-
cells and mediates glutamate efflux from granules
to the cytoplasm, thereby maintaining a certain level
of intragranular glutamate.72) Perturbation of the
cycle of glutamate influx and efflux by knockdown

of EAAT2 or overexpression of EAAT2 or VGLUT
reduced the rate of granule exocytosis, as assessed
using an indirect assay of human growth hormone
release.72) These findings suggested that VGLUTs
and EAAT2 modulate insulin exocytosis by regulat-
ing the influx and efflux of glutamate, pH, and
membrane potential of insulin granules (Fig. 7).
Thus, pH in insulin granules, which is regulated by
HD, glutamate, and Cl! through V-ATPase,
VGLUT, EAAT, and ClC-3 is thought to be critical
for potentiation of insulin exocytosis by incretins.

Role of extracellular glutamate as a signal in
O-cell functions. Extracellular glutamate evokes
various intracellular signals by acting on its receptors
at the cell surface. Ionotropic and metabotropic
glutamate receptors are expressed in pancreatic islets
and O-cells. GluR1, GluR2, GluR3, and GluR4 of
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AMPA receptors, KA-1, KA-2, GluR5, GluR6, and
GluR7 of kainate receptors, and NR1, NR2A, NR2C,
and NR2D of NMDA receptors are expressed in
mouse or rat islets and O-cell lines such as MIN6 and
RINm5F cells (Fig. 2).11),12),75)–79) Stimulation of
glutamate receptors by NMDA, AMPA, kainate, or
glutamate depolarizes the plasma membrane and
elevates intracellular calcium levels in MIN6 cells
and mouse and rat O-cells.11),76),77) AMPA, kainate,
and glutamate promote insulin secretion in MIN6
cells and mouse and rat islets, whereas NMDA
promotes insulin secretion in MIN6 cells but not in
rat O-cells.76),77) Activation of AMPA receptors
stimulates cGMP production, which inhibits the
ATP sensitive KD channel, resulting in membrane
depolarization and triggering of insulin exocytosis in
mouse O-cells.11) Metabotropic glutamate receptors,
mGluR5, mGluR2, mGluR3, mGluR4, and mGluR8,
are expressed in O-cell lines, an ,-cell line, and rat
islets.75),79),80) Activation of mGluR5, a G-protein
coupled receptor, activates phospholipase C through
Gq, and increases inositol 1,4,5-triphosphate (IP3).

Elevation of IP3 promotes insulin secretion through
mobilization of Ca2D from intracellular Ca2D stores.
mGluR5 is localized on insulin granules as well as the
plasma membrane, suggesting that glutamate trans-
ported into insulin granules activates mGluR5 and
stimulates vesicle-associated phospholipase C, which
generates calcium transients around the vesicles and
triggers insulin exocytosis.79) The role of NMDA
receptors in insulin secretion from pancreatic islets
has been controversial. Pharmacological stimulation
of NMDA receptors increased insulin secretion or
showed no effect.76)–78) The application of NMDA
receptor antagonists also exhibited inconsistent
effects on insulin secretion and blood glucose.81)–83)

A recent study using genetic and pharmacological
approaches has shown that inhibition of NMDA
receptors in mice and human islets enhances GIIS
without affecting the basal secretion of insulin.12)

Considering that the plasma glutamate level is 50–
100 µM,84) NMDA receptors in pancreatic islets are
fully saturated with glutamate. Upon membrane
depolarization, NMDA receptors are activated due
to removal of the Mg2D block. AMPA and kainate
receptors are activated only when the intraislet
glutamate concentration is elevated; the NMDA
receptor and AMPA/kainate receptors have different
affinities for glutamate, the former having higher
affinity than the latter.17) Inhibition of NMDA
receptors results in a prolonged membrane potential
burst in O-cells induced by glucose and a longer
plateau fraction of glucose-induced Ca2D oscilla-
tions,12) which may contribute to the enhancement
of insulin secretion. Based on these findings, the
following model is proposed for the regulation of
insulin secretion by extracellular glutamate
(Fig. 8).12),85) At low glucose levels, NMDA receptors
on O-cells are saturated by glutamate, but they are
not activated because the O-cell membrane is not
depolarized (Fig. 8A). In contrast, high glucose
depolarizes the O-cell membrane, thereby activating
NMDA receptors due to the relief of Mg2D blockade.
The activation of NMDA receptors has an inhibitory
effect on depolarization of the O-cell membrane by
increasing outward KD currents. However, this effect
is masked by strong depolarization induced by
glucose (Fig. 8B). Inhibition of NMDA receptors by
their antagonists such as dextrorphan induces further
depolarization of the O-cell membrane by suppressing
the polarization by NMDA. As a result, more
potentiation of insulin secretion occurs (Fig. 8C). It
has been found that plasma glutamate levels were
elevated in diabetic mice and human subjects, and
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into insulin granules. Proton influx through V-ATPase generates
"* and "pH. Chloride ion (Cl!) influx through chloride
channels (ClC-3) also contributes to the generation of "pH. An
excitatory amino acid transporter 2 (EAAT2) mediates gluta-
mate efflux, thereby maintaining glutamate at certain levels in
insulin granules.
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prolonged activation of NMDA receptors induced
apoptosis as well as dysfunction of O-cells such as
an impairment in insulin secretion in clonal O-cell
lines.86),87) Treatment of mouse and human islets with
NMDA receptor antagonists exerted a protective
effect against cell death induced by cytokines.12)

Inhibition of NMDA receptors attenuated dysfunc-
tions such as impaired insulin secretion and apoptosis
in the clonal O-cell line (MIN6) exposed to a high
concentration of glucose.12),86) Administration of
NMDA receptor antagonists in vivo improved glu-
cose tolerance in both diabetic mice and patients with
type 2 diabetes.12),86) Thus, inhibition of the NMDA
receptor-mediated signal in O-cells may have benefi-
cial effects on both O-cell function and O-cell mass.

5. Role of glutamate as a signal in other
islet hormone secretions

It has been shown that extracellular glutamate
regulates glucagon secretion through activation of its
receptor. Both stimulatory and inhibitory effects of
glutamate on glucagon secretion have been reported:
the former through activation of AMPA receptors
was found in rat pancreas and mouse islets,88),89) the
latter through activation of a metabotropic receptor,
mGluR5, was observed in rat islets.90) In human and
monkey islets, functional AMPA/kainate receptors
are predominantly present in ,-cells, whereas
mGluRs are rarely expressed.91) The agonist of the
ionotropic glutamate receptors, kainate and AMPA,
stimulated glucagon secretion; glutamate-induced
glucagon secretion was blocked by iGluR antago-

nists, whereas both agonists and antagonists of
metabotropic glutamate receptors did not affect
glucagon release in either human or mouse islets.
The injection of glutamate and AMPA into mice
increased plasma glucagon levels but did not affect
plasma insulin levels. In mice treated with iGluR
antagonist, glucagon secretion in response to insulin
injection was reduced and insulin-induced hypogly-
cemia was exacerbated. These findings suggested
that the activation of iGluR plays a major role in the
regulation of glucagon secretion by glutamate both
in vivo and in vitro. The AMPA/kainate glutamate
receptors are NaD-permeable non-selective cation
channels, and their activation induces influx of NaD

and Ca2D, which leads to the opening of voltage-
dependent Ca2D channels, thereby triggering gluca-
gon release.

VGLUT2 is expressed on glucagon secretory
granules in ,-cells, and glutamate transported into
secretory granules is co-secreted with glucagon.8),9),71)

The AMPA/kainate receptors, which have a rela-
tively low affinity for glutamate compared with
NMDA receptors, may be activated when glutamate
is released from ,-cells with glucagon, suggesting
that glutamate acts as an autocrine signal in the
regulation of glucagon secretion.17),92) /-cells express
the AMPA-type receptor (GluR4), and somatostatin
secretion is suggested to be stimulated by glutamate
at low glucose concentrations.93)

6. Pathophysiological role of glutamate signaling

Studies of animal models provide useful infor-

(B)(A)

Metabolism

ATP
KATP
channel

Glucose

NMDAR

VDCC

Glutamate

(C)

Metabolism

ATP
KATP
channel

Glucose

NMDAR

VDCC

Glutamate

Ca2+

Insulin
secretion

Metabolism

ATP
KATP
channel

Glucose

NMDAR

VDCC

Glutamate

Ca2+

Antagonist

Insulin
secretion

ΔΨ ΔΨ
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refs. 12 and 85. KATP channel, ATP-sensitive KD channel; VDCC, voltage-dependent Ca2D channel.
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mation on the pathogenesis and pathophysiology of
diabetes. The Goto-Kakizaki (GK) rat is a model
of non-obese type 2 diabetes with defective insulin
secretion associated with impaired glucose metabo-
lism in pancreatic O-cells.94),95) The Zucker fatty (ZF)
rat is a model of obesity with a mutation in the leptin
receptor gene.96) In GK rats, although GIIS is
markedly decreased compared with that in control
Wistar rats, amplification by incretin is somewhat
retained.13) The islets of ZF rats show a higher basal
insulin secretion compared with controls and signifi-
cant GIIS, but not amplification of insulin secretion
in response to incretin. Metabolic flux analysis of
islets using [U-13C]-glucose showed glucose-stimu-
lated glutamate production in GK rat islets but not
in ZF rat islets. These findings indicated that cellular
glutamate production is associated with incretin
responsiveness (Table 1). Unresponsiveness to en-
dogenous incretins or exogenously administered
incretin-related drugs are found in patients with
obese type 2 diabetes, so called incretin non-res-
ponders.97) Thus, impaired glutamate signaling in
O-cells may underlie unresponsiveness to incretins
in diabetic patients, especially those with obesity.
Therefore, O-cell glutamate signaling might be an
effective target for the treatment of patients with
obese type 2 diabetes.

The extracellular glutamate signal plays impor-
tant roles in the pathogenesis and pathophysiology of
diabetes. In hyperglycemic conditions, O-cell NMDA
receptors are thought to be continuously activated
due to elevated plasma glutamate levels and depola-
rization of the O-cell membrane.86) The persistent
activation of NMDA receptors may induce O-cell
death as well as suppression of insulin secretion.
Because the inhibition of NMDA receptors improves
glucose tolerance and GIIS in diabetic patients and
suppresses O-cell death,12) glutamate receptor signal-

ing may also be a novel therapeutic target to improve
islet function by controlling O-cell mass.92)

7. Concluding remarks

It is now known that glutamate in O-cells
functions as a critical signal in IIIS by linking glucose
metabolism to cAMP action in insulin exocytosis,
and that extracellular glutamate in the islets
participates in the regulation of insulin secretion
and glucagon secretion. However, there are several
issues yet to be clarified: 1) how does glutamate in
insulin granules promote exocytosis?; 2) how is
glutamate transport into insulin granules regulated?;
3) how is glutamate produced in ,-cells?; 4) how is
glutamate transported into glucagon granules?; and
5) how are these mechanisms affected in altered
metabolic states such as diabetes and obesity?
Answers to these questions should further enhance
our understanding of the physiological and patho-
physiological roles of intracellular and extracellular
glutamate in pancreatic islet functions.
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