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Background: �-Cells regulate �-cells via paracrine mechanisms.
Results: AGABA shunt defect impairs glucose suppression of glucagon secretion in diabetic human islets. Glucagon secretion
is inhibited by �-hydroxybutyrate produced by �-cells but is stimulated by glycine via plasma membrane receptors.
Conclusion: �-Hydroxybutyrate and glycine serve as counterbalancing receptor-based regulators of glucagon secretion.
Significance: Amino acids and their metabolites are central regulators of �-cell function.

Paracrine signaling between pancreatic islet �-cells and
�-cells has been proposed to play a role in regulating glucagon
responses to elevated glucose and hypoglycemia. To examine
this possibility in human islets, we used a metabolomic
approach to trace the responses of amino acids and other poten-
tial neurotransmitters to stimulation with [U-13C]glucose in
both normal individuals and type 2 diabetics. Islets from type 2
diabetics uniformly showed decreased glucose stimulation of
insulin secretion and respiratory rate but demonstrated two dif-
ferent patterns of glucagon responses to glucose: one group
responded normally to suppression of glucagon by glucose, but
the second group was non-responsive. The non-responsive
group showed evidence of suppressed islet GABA levels and of
GABA shunt activity. In further studieswithnormalhuman islets,
we found that �-hydroxybutyrate (GHB), a potent inhibitory neu-
rotransmitter, is generated in�-cells by an extension of theGABA
shunt during glucose stimulation and interacts with �-cell GHB
receptors, thusmediating the suppressive effect of glucose on glu-
cagon release. We also identified glycine, acting via �-cell glycine
receptors, as the predominant amino acid stimulator of glucagon
release. The results suggest that glycine and GHB provide a coun-
terbalancing receptor-based mechanism for controlling �-cell
secretory responses tometabolic fuels.

Since the 1960s, the bihormonal regulation of fuel metabo-
lism by insulin and glucagon has been recognized as central to
the control of glucose homeostasis in diabetes and normal
humans (1–5). Glucose ingestion stimulates pancreatic islets to
release insulin while simultaneously suppressing glucagon
secretion, whereas secretion of both hormones is stimulated by
protein meals (6). Although the pathways regulating �-cell
insulin secretion are relatively well understood, the control of
�-cell glucagon secretion remains an enigma (7). Although a
direct action of glucose is not to be discounted, this alone can-
not explain how glucose suppresses glucagon secretion (7–10).
For example, previous studies have shown that �-cells have to
be systemically insulinized for glucose to suppress glucagon
secretion in the isolated perfused pancreas of the streptozoto-
cin diabetic rat (11) and that glucagon levels in the fed state are
increased by knock-out of �-cell insulin receptors (12). The
insulin requirement for glucose to be able to suppress glucagon
may partly reflect a critical permissive, “endocrine” effect of
insulin on �-cell function. In contrast, the acute decrease in
glucagon release during glucose-stimulated insulin secretion
(GSIS)2 has been suggested to involve “paracrine” signals from
�-cells acting to suppress �-cell release of glucagon. Proposed
paracrine signals include direct inhibitory effects of stimulated
insulin exocytosis from �-cells and/or indirect effects of hor-
mone release by molecules co-secreted with insulin, such as
zinc or purine nucleotides (7–9, 13–16). Although several
groups of investigators have produced evidence supporting one
or the other of thesemechanisms, one difficulty with these pro-
posals is the observation that the glucose threshold for gluca-
gon suppression is much lower than the threshold for insulin
release (about 1 versus 5 mM) (6, 17, 18). This raises the possi-
bility that other factors generated even at subthreshold levels of
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glucose for GSIS might play a role in the communication
between �-cells and �-cells during GSIS.
Among the other potential paracrine mediators of glucose-

induced suppression of glucagon that have been suggested is
�-aminobutyric acid (GABA) (15), an inhibitory neurotrans-
mitter produced by decarboxylation of glutamate. GABA pro-
duction is the first step of the GABA shunt, which operates in
�-cells but not �-cells (19). The three steps of the GABA shunt
include generation of GABA via glutamate decarboxylase
(GAD), conversion of GABA to succinate semialdehyde (SSA)
by GABA transaminase, and finally entry into the tricarboxylic
acid (TCA) cycle as succinate following oxidation by SSA dehy-
drogenase (19). Although there has been much effort in testing
the hypothesis that GABA might be involved in glucose-in-
duced suppression of glucagon, studies addressing this issue
have remained inconclusive (20). Nevertheless, marked
changes in GABA and other amino acids have been observed in
�-cells during GSIS that might be of relevance to paracrine
regulation of glucagon secretion (21, 22) because some of these
amino acids or their derivatives are known to have important
neurotransmitter functions.
Our laboratories have been studying mechanisms of insulin

and glucagon regulation by amino acids in physiological condi-
tions and in genetic disorders of hyperinsulinemic hypoglyce-
mia and diabetes mellitus using islets isolated from mouse
models of these disorders to trace the flux of amino acids and
glucose during a wide range of functional states (21, 23–25). In
the present investigations, we applied these methods and the
concepts that were developed in the course of previous studies
to examine insulin and glucagon secretion in human islets iso-
lated from normal and type 2 diabetic (T2D) pancreases to
explore the possibility that human tissues might be uniquely
suited to address this important question. The results do indeed
suggest an alternative mechanism for the glucose suppression
of islet glucagon secretion. This novel mechanism involves the
production and release by �-cells of a known inhibitory neu-
rotransmitter, �-hydroxybutyrate (GHB), that is generated in a
branch of the �-cell GABA shunt during glucose stimulation
and that as the present studies show inhibits glucagon
secretion.

EXPERIMENTAL PROCEDURES

Human Islet Isolation and Culture—Human islets were iso-
lated in the University of Pennsylvania Islet Transplantation
Center according to protocols described previously (26, 27).
Assignment to normal or type 2 diabetic groupwas based on the
donor’s clinical diagnosis and history. Pancreatic islets were
isolated using a modification of the Ricordi method (26, 27).
After culture in CMRL 1066 medium supplemented with 5%
human serum albumin and 5 mM glucose at 23 °C for 3 days,
islets were then cultured for an additional 3 days in RPMI 1640
medium with 10 mM glucose at 37 °C (25, 28). Donor informa-
tion is presented in supplemental Table 1.
Studies with [U-13C]Glucose—Methods for metabolomic

studies tracing the flow of stable isotopes in islet intermediary
metabolism were described previously (21). In brief, batches of
500 islets were preincubated with Krebs-Ringer bicarbonate
buffer with 0.25% BSA for 60 min and then incubated for 120

minwith a 4.0mMphysiologicalmixture of amino acids and 300
�M NH4Cl as a control or with an additional 5 or 25 mM

[U-13C]glucose (Cambridge Isotope Laboratories, Inc., Ando-
ver, MA). The composition of the physiological mixture of 19
amino acids was described previously (21).
Intracellular Amino Acid Profiles and Detailed 13C

Enrichments—Intracellular levels of amino acids were meas-
ured by HPLC. GC/MS measurements of 13C isotopic enrich-
ment of amino acids were performed on a Hewlett Packard
5970 Mass Selective Detector and/or 5971 Mass Selective
Detector as described previously (21).
GHB Identification and Quantitation—The analysis of GHB

was carried out using the Agilent Technologies 6890N/5973
GC/MS Selective Detector system. Electron ionization at 70 eV
with an HP-5MS column cross-linked with 5% phenylmethyl-
siloxane was used. Data acquisition was performed in the
selected ion monitoring mode. GHB-d6 was used as internal
standard to quantify bothGHB and its 13C enrichment. The ion
intensities of m/z 239 and 233 were monitored for the quanti-
tative assessment of GHB (29, 30).
Cytosolic Calcium Level Recordings—Cytosolic calcium lev-

els were measured as reported previously (23). In brief, whole
islets or individual islet cells obtained by trypsinization of intact
isolated islets according to a published procedure (23) were
perifused inKrebs-Ringer bicarbonate bufferwith 0.25%BSAat
a flow rate of 1 ml/min. [Ca2�]i was measured by dual wave-
length fluorescence microscopy using a Zeiss AxioVision sys-
tem as described previously (23).
Islet Perifusion, Batch Incubation, and Determination of

Insulin and Glucagon—Islet perifusion and batch incubation
methods were described previously (28). After 60-min preincu-
bation, batches of 100 islets were incubated for another 60 min
with different treatments. Insulin and glucagon were measured
in the incubation supernatants using a radioimmunoassay
available at the RIA Core in the Diabetes Center of the Univer-
sity of Pennsylvania Perelman School of Medicine.
Measurement of the Rate of Oxygen Consumption—Oxygen

consumption rates as a function of glucose weremeasured with
a Clark electrode in a water-jacketed glass reaction vessel hold-
ing 0.16 ml of stirred, air-saturated modified Hanks’ buffer at
37 °C (31). After 10 min of stabilization of substrate-free
medium or medium containing 3 mM glucose, a suspension of
200 islets was loaded into the vessel, and base-line respiration
wasmeasured for 5min. Then 5 �l of buffer containing glucose
was injected into the vessel through a capillary in the ground
glass stopper to establish a final glucose concentration of 25mM

for the second phase of respirometry (also about 5 min). Car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (final con-
centration, 5 �M), which serves as a test of the degree of cou-
pling of oxidative phosphorylation and efficiency of ATP
synthesis, was finally added to the vessel in a third phase of the
test. Recordings of oxygen tension thus usually extended over a
total period of 15 min.
Studies in Mouse Islets—Green fluorescent protein (GFP)

transgenic mice with �-cell-specific expression driven by the
mouse insulin promoter were purchased from The Jackson
Laboratory (32). Islets were isolated by collagenase digestion
and then dispersed to single cells via trypsinization. �-Cells
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were then purified by FACS. For glucagon and insulin secretion
studies, islets were isolated from normal mice (B6/129/F1).
After 3 days of culture in RPMI 1640 medium with 10 mM

glucose, batches of 35 islets were preincubated with glucose-
free Krebs-Ringer bicarbonate buffer with 0.25% BSA for 30
min in a 96-well plate. Islets were then incubated with different
treatments for another 60min. Supernatants were collected for
insulin and glucagon measurements.
Western Blot andmRNAAnalysis—Monoclonal anti-human

glycine receptor antibody (Novus Biologicals, Littleton, CO)
was used as the primary antibody, and goat anti-mouse HRP
(Santa Cruz Biotechnology, Santa Cruz, CA) was used as the
secondary antibody. A total of 20 �g of protein from normal
human islets was used for Western blotting. Total RNA from
human islets was isolated from cultured islets as described
above using the Trizol (Invitrogen) method. Mouse islet and
�-cell RNA was extracted from freshly isolated islets or �-cells
purified by FACS. The reverse transcription reaction and quan-
titative real time PCR (Applied Biosystems SYBRGreenMaster
Mix kit) were used to explore the expression of selected genes
critical for the metabolic and signaling pathways studied here
and were performed as described previously (21). Data were
calculated using GAPDH as an internal reference. The
sequences of primers required for this purpose are indicated in
supplemental Table 2.
Materials—Chemicals were from Sigma-Aldrich except

when stated otherwise.
Calculations and Statistical Analyses—Glucose-derived 13C

enrichment of amino acids was expressed as mole percent
enrichment, which is the mole fraction percent of analyte con-
taining 13C atoms above natural abundance as described previ-
ously (21, 24). All data are presented as mean � S.E. Student’s t
tests were done when two groups were compared. Analysis of
variance (one-way analysis of variance, GraphPad Prism) was
used followed by the Bonferroni test when multiple groups
were compared. Differences were considered significant when
p � 0.05.

RESULTS

Insulin and Glucagon Secretion of Normal and Type 2 Diabetic
Human Islets andCorrelationswith IntracellularGABA—Insulin
and glucagon secretion was studied in isolated islets from five
non-diabetic organ donors and six donors with type 2 diabetes.
As shown in Fig. 1A, in the presence of a 4.0 mM physiological
amino acid mixture (AAM), 25 mM glucose stimulated a 6-fold
increase in insulin secretion in normal islets, whereas there was
little insulin response to 5mM glucose. These concentrations of
glucose were selected because we have previously found that 5
mM glucose is the threshold and 25 mM is the maximum for
insulin secretion and glucose oxidation in human islets (33).
Similar threshold and maximum concentrations of glucose
were also found in normalmouse islets inmore detailed studies
of GSIS as shown in supplemental Fig. 1A. In contrast, islets
from the six cases of T2D all showed a marked impairment of
GSIS in agreement with the results of numerous studies using
diabetic islets (34, 35). In contrast to the lack of effect on insulin
secretion, 5mMglucose effectively inhibited glucagon secretion
by 40% in normal islets (Fig. 1B), consistent with previous

reports that the threshold for glucose suppression of glucagon
secretion is lower than the threshold forGSIS (17, 18). A similar
phenomenonwas also observed in normalmouse islets (supple-
mental Fig. 1). 25mM glucose inhibited glucagon secretion only
a littlemore than that observed at 5mM glucose, i.e. by about an
additional 10%. TheT2D islets showed two different patterns of
�-cell responsiveness to glucose: in three cases, inhibition of
glucagon secretion by glucosewas comparablewith that of non-
diabetic controls (T2Ds with glucose-responsive �-cells (T2D-
�GR)), whereas the other three T2D cases failed to show sup-
pression of glucagon release (T2Ds with glucose-unresponsive
�-cells (T2D-�NGR)). It is noteworthy that the basal insulin
secretion and glucagon secretion in response to 4.0 mM AAM
was significantly higher in the T2D-�GR group compared with
normal human islets and with the T2D-�NGR group. These
data (the lower glucose threshold for glucagon suppression ver-
sus insulin stimulation in normal islets and the impairment in
insulin stimulation but not of glucagon suppression in some
T2D islets) provide a unique opportunity to investigate which
factors might be critical in mediating glucose suppression of
glucagon secretion in human islets and for testing the possibil-
ity that relatively high basal but poor glucose-stimulated insulin
secretion in the T2D-�GR group is required for glucose sup-
pression of glucagon release (8).
Because the generation and release of GABA by �-cells has

been suggested to play a role in glucose-mediated inhibition of
glucagon secretion (15), we further examined the changes in
levels of GABA and other islet amino acids and their 13C
enrichments during incubationwith [U-13C]glucose at 5 and 25
mM in the presence of 4 mM AAM and 0.3 mM ammonia. As
shown in Table 1, in normal islets, 25 mM glucose as expected
lowered aspartate concentrations (21), reflecting increased
oxaloacetate consumption indicative of augmented TCA cycle
flux. Of importance for the present study, we observed that
glucose lowered GABA levels by 50% in normal human islets,
similar to our previous findings in mouse islets (21). In the
subgroup of T2D-�GR islets (which have normal glucagon sup-
pression by glucose), the amino acid profile and responses to
glucose were similar to those of normal human islets. In con-
trast, in the subgroup of T2D-�NGR islets (in which glucagon
secretion was unresponsive to glucose), the amino acid profile
was dramatically altered with large accumulation of alanine,
glutamate, glutamine, glycine, and serine (a near tripling of the
sum of this group of amino acids), indicating a generalized
defect of amino acidmetabolism. In contrast to this generalized
elevation of amino acids, the levels of GABA were reduced by
nearly 80% in T2D-�NGR islets compared with controls and
barely responded to high glucose. The similarity of the amino
acid profiles in T2D-�GR islets and normal islets further sup-
ports the validity of considering the two groups of T2D islets as
distinct.
The energetics of T2D-�GR andT2D-�NGR islets were pro-

foundly compromised as demonstrated by a total lack of effect
of high glucose on the oxygen consumption rate (Fig. 1C), par-
alleling the similarity of the two groups in showing defective
GSIS. Comparable results were obtained in studies including 3
mM glucose in the medium during phase 1 of the test (not
shown). These observations support the view that a defect in
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FIGURE 1. T2D human islets have impaired insulin secretion and oxygen consumption and different glucose-mediated glucagon suppression and
GABA shunt. A shows insulin secretion in response to glucose in the presence of 4.0 mM AAM in normal (filled circles with black line; n � 5) and T2D islets
(T2D-�GR, open circles with dashed gray line; T2D-�NGR, triangles with dashed black line; n � 3 for each). Versus T2D-�NGR and normal, * indicates p � 0.05;
versus T2D-�GR and normal, # indicates p � 0.05; 25 mM glucose versus 0 mM glucose, a indicates p � 0.05; 25 mM glucose versus 5 mM glucose, b indicates p �
0.05. B shows glucagon secretion (inset shows the percent changes). Versus T2D-�NGR and normal, * indicates p � 0.05; versus 0 mM glucose, a indicates p �
0.05. C shows the glucose stimulation of islet oxygen consumption in normal and T2D islets (normal, black-filled bars (n � 5); T2D-�GR, gray-filled bars;
T2D-�NGR, open bars (n � 3 for each); also shown in D and E). Versus 0 mM glucose (G, 0), a indicates p � 0.01; versus 25 mM glucose (G, 25), b indicates p � 0.01;
versus normal, * indicates p � 0.05. D shows GABA/glutamate ratios. Versus normal, * indicates p � 0.05; versus 0 mM glucose, a indicates p � 0.05. E shows
expression data for selected genes detected by quantitative PCR. Versus normal, * indicates p � 0.05. Data are presented as mean � S.E. (error bars). GK,
glucokinase; PC, pyruvate carboxylase; GDH, glutamate dehydrogenase; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone.

TABLE 1
Intracellular amino acid (nmol/mg of islet protein) responses to glucose in normal and T2D islets
Data are presented as mean � S.E. G 0, G 5, and G 25 represent 0, 5, and 25 mM glucose, respectively.

G 0 G 5 G 25

Controls
(n � 5)

T2D-�GR
(n � 3)

T2D-
�NGR
(n � 3)

Controls
(n � 5)

T2D-�GR
(n � 3)

T2D-
�NGR
(n � 3)

Controls
(n � 5)

T2D-�GR
(n � 3)

T2D-�NGR
(n � 3)

Alanine 9 � 2 10 � 2 31 � 11a 12 � 3 14 � 3 46 � 22 15 � 3 12 � 1 44 � 21
Arginine 26 � 4 25 � 6 26 � 3 25 � 5 27 � 5 27 � 6 26 � 3 24 � 1 24 � 5
Aspartate 58 � 6 73 � 13 57 � 6 43 � 2 57 � 12 34 � 3b 36 � 4c 43 � 2 29 � 0c
GABA 57 � 8 63 � 15 12 � 7a,d 44 � 7 53 � 10 11 � 6a,d 27 � 5b 37 � 5 8 � 4d
Glutamate 66 � 12 83 � 10 167 � 73 88 � 21 114 � 30 187 � 85 93 � 15 108 � 2 182 � 80
Glutamine 6 � 2 4 � 1 27 � 12 8 � 2 9 � 2 35 � 18 9 � 2 8 � 1 33 � 18
Glycine 13 � 4 20 � 3 31 � 5a 14 � 4 21 � 4 35 � 6a 14 � 3 17 � 10 28 � 5
Isoleucine 6 � 0 8 � 1 7 � 2 5 � 0 7 � 1 7 � 2 5 � 0 6 � 1 7 � 1
Leucine 3 � 1 2 � 1 6 � 1 3 � 1 2 � 1 6 � 2 2 � 1 3 � 0 6 � 2
Serine 10 � 2 10 � 1 33 � 11a 12 � 3 13 � 3 36 � 14 13 � 3 11 � 1 34 � 14
Sum 268 � 22 298 � 48 399 � 118 280 � 30 313 � 68 421 � 145 264 � 35 265 � 5 395 � 141

a Versus controls, p � 0.05.
b Versus 0 mM glucose, p � 0.05.
c Versus 0 mM glucose, p � 0.01.
d Versus T2D-�GR, p � 0.05.
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�-cellmitochondrial function is amajor cause of impairedGSIS
in T2D (Fig. 1, compare A and C) (36). This observation also
suggests that glucose suppression of �-cell function does not
seem to require that oxidative glucose metabolism of �-cells is
fully intact (Fig. 1, compare B and C).
T2D-�NGR Islets Have an Impaired GABA Shunt—The 13C

isotopic enrichment of intracellular amino acids was deter-
mined by GC/MS to evaluate the metabolic flux responses to
glucose in normal and T2D islets (Table 2). In normal human
islets, high glucose increased [13C]alanine, which alongwith the
trend toward increased levels of alanine reflected augmented
flux through glycolysis. It requires emphasis that M � 2 of
[13C]alanine was about 4-fold higher than M � 3, a phenome-
non that was also observed previously in mouse islets (21). A
possible interpretation is that human islets have high rates of
pyruvate cycling similar to mouse islets (21). This interpreta-
tion is supported by the expression of all three isoforms ofmalic
enzyme (1, 2, and 3) in normal human islets (shown in supple-
mental Fig. 2). However, given the limited experiments per-
formed here, the precise mechanism of the high rate of dilution
of the M � 3 pool of alanine remains to be established. T2D
islets exhibited similar increases in the ratios of [13C]alanine
M� 2 toM� 3 even in the T2D-�NGR group. The 13C enrich-
ment of alanine was elevated in the T2D-�NGR subgroup, sug-
gesting that mitochondrial damage (perhaps at the pyruvate
dehydrogenase or pyruvate carboxylase step) was more pro-
nounced than in the T2D-�GR group, resulting in the accumu-
lation and increased labeling of pyruvate (37). The “aspartate
switch” (21), i.e. the lowering of aspartate by high glucose, was

comparable in control islets and those from type 2 diabetics.
However, oxaloacetate turnover as reflected in decreased 13C
enrichment of aspartate seemed to be lowest in T2D-�NGR
islets. In general, theT2D-�GR islets had similar changes of 13C
enrichment of amino acids as observed in controls.
In contrast to the unaltered metabolomic data in T2D-�GR

islets, the T2D-�NGR islets had low 13C enrichment of GABA
in addition to very low GABA levels as shown in Table 1. In
normal islets, 25 mM glucose increased 13C enrichment of
GABA by about 100%, which together with the fall in GABA
concentrations suggests that glucose metabolism greatly
enhanced GABA shunt flux and GABA turnover. In normal
islets, as shown in Fig. 1D, the GABA/glutamate ratio was
greatly decreased at high glucose levels, indicating a crossover
at the GAD step that could be explained by a combination of
increased glutamate production upstream and increased
GABA turnover downstream. Whereas T2D-�GR islets had a
near normally functioningGABA shunt comparedwith control
islets, the T2D-�NGR islets had a severe GABA shunt impair-
mentwith basalGABA/glutamate ratios only 20%of normal, no
further decrease of this ratio by high glucose (Fig. 1D), and
barely any evidence of glucose-stimulated turnover (Table 2).
The decreasedGABA/glutamate ratio inT2D-�NGR islets sug-
gests a block at the GAD step. Results presented in Fig. 1E do
indeed show that T2D-�NGR islets have a severe GAD gene
expression defect. The expression of the insulin and glucoki-
nase genes is also reduced, whereas the glucagon, glutamate
dehydrogenase, and pyruvate carboxylase gene expressions are
normal. It is noted that low GAD gene expression was also

TABLE 2
13C enrichments (mole percent enrichment) of intracellular amino acids in normal and T2D human islets
Data are presented as mean � S.E. G 5 and G 25 represent 5 and 25 mM glucose, respectively.

G 5 G 25
Controls
(n � 5)

T2D-�GR
(n � 3)

T2D-�NGR
(n � 3)

Controls
(n � 5)

T2D-�GR
(n � 3)

T2D-�NGR
(n � 3)

Alanine
M � 2 5 � 1 8 � 4 20 � 8 11 � 1a 11 � 4 23 � 9
M � 3 1 � 0.1b 3 � 1 7 � 3c 3 � 0.3d,e 2 � 1 8 � 3
Sum 6 � 1 11 � 5 27 � 11 14 � 2a 14 � 4 31 � 12

Aspartate
M � 2 8 � 1 8 � 2 5 � 3 10 � 1 8 � 2 7 � 3
M � 3 11 � 2 12 � 4 7 � 4 20 � 2a,e 18 � 4 9 � 4
M � 4 8 � 2 8 � 3 4 � 3 16 � 2a,b 15 � 3 7 � 3
Sum 27 � 5 28 � 8 16 � 9 46 � 5a 40 � 9 23 � 11

GABA
M � 2 12 � 2 13 � 5 7 � 3 16 � 1a 13 � 3 7 � 4
M � 3 8 � 2 9 � 4 5 � 3 14 � 2a 10 � 2 6 � 3
M � 4 6 � 2 8 � 4 3 � 2 23 � 2d,e 17 � 4 7 � 4c
Sum 26 � 5 30 � 13 15 � 8 54 � 4d 41 � 9 20 � 10c

Glutamate
M � 2 13 � 2 13 � 3 10 � 3 15 � 1 14 � 1 13 � 2
M � 3 13 � 2 13 � 4 13 � 2 17 � 1 16 � 2 14 � 2
M � 4 13 � 3 15 � 5 13 � 2 23 � 2a,e 23 � 3 15 � 3
M � 5 9 � 2 10 � 4 10 � 4 19 � 3a 22 � 3 13 � 6
Sum 47 � 9 51 � 14 45 � 7 75 � 7a 75 � 8 56 � 9

Glutamine
M � 2 3 � 1 1 � 0 4 � 2 4 � 2 2 � 1 5 � 1
M � 3 2 � 1 4 � 1 2 � 1 5 � 1 7 � 2 3 � 1
M � 4 2 � 0 4 � 1 1 � 1 3 � 1 6 � 2 2 � 0
M � 5 1 � 0 2 � 1 1 � 0 2 � 0 3 � 1 1 � 0
Sum 8 � 1 10 � 3 9 � 4 14 � 3 18 � 5 11 � 1

aVersus 5 mM glucose, p � 0.05.
b VersusM � 2, p � 0.05.
c Versus controls, p � 0.05.
d Versus 5 mM glucose, p � 0.01.
e VersusM � 2, p � 0.01.
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found previously in sulfonylurea receptor 1 knock-out
(SUR1�/�) mouse islets, which are characterized by chronic
�-cell depolarization and elevation of intracellular calcium, and
was consistent with the amino acid profiles of these islets show-
ing accumulation of glutamate and alanine but depletion of
GABA (21). [U-13C]Glucose oxidation and 13C fluxes into the
intracellular amino acid pool in the normal mouse islets shown
in supplemental Fig. 1 was similar to those in human islets
observed here.
Human Islets Express the GHB Loop of the GABA Shunt—

These metabolic and functional data from normal islets and
islets from the two distinct subgroups of T2D suggest that the
GABA shunt pathway could be mediating the effect of glucose
in suppressing glucagon secretion. The association of impaired
glucose-mediated suppression of glucagon release with
impaired GABA shunt activity in T2D-�NGR islets suggested
the possibility of a causal link between the two phenomena,
such as a deficiency of GABA per se or a deficiency of some
downstream metabolite of GABA. As a consequence of GABA
metabolism, SSA produced via GABA transaminase enters the
TCA cycle through SSA dehydrogenase. In the central nervous
system, a fraction of SSA is diverted to GHB via the NADPH-
dependent SSA reductase (38). GHB, a potent inhibitory neu-
rotransmitter, is then converted back to SSA via the NAD-de-
pendent GHB dehydrogenase (GHBDH) to form the “GHB
loop” (39–41). As shown in Fig. 2A, studieswith normal human
islets from four separate pancreas donors showed that SSA
reductase, GHBDH, and TSPAN-17, which has been suggested

to function as a GHB receptor gene in brain (42, 43), are clearly
expressed. Studies in three other cases of normal human islets
(Fig. 2B) showed that normal human islets produce and release
GHB in response to glucose: 10 mM glucose stimulated a 3-fold
increase of islet GHB content and a 2-fold increase of GHB
released into the incubation medium. In the normal human
islets, as shown in Fig. 2C, glucose at 5 mM stimulated a signif-
icant increase of GHB release, and 25 mM augmented this
response. Medium from the earlier studies of T2D-�GR islets
showed a pattern of GHB release in response to glucose similar
to that of normal islets, whereas themedium from the studies of
T2D-�NGR islets, which had impaired glucagon suppression
by glucose, showed only low basal GHB release and failure to
increase GHB release in response to glucose stimulation. The
increase in GHB 13C isotopic enrichment during glucose stim-
ulation (Fig. 2D) indicated that GHB carbon was derived from
glucose. These data suggested that GHB, derived from
increased GABA shunt activity, might be a critical factor medi-
ating glucose suppression of glucagon secretion in both normal
andT2D-�GR islets and that the lack ofGHBproductionmight
explain the lack of glucagon suppression by glucose in T2D-
�NGR islets.
A Role of the GABA Shunt and GHB in Glucose-mediated

Suppression of Glucagon Secretion in Normal Human Islets—
To test whether the GABA shunt could mediate glucose sup-
pression of glucagon secretion in normal human islets, viga-
batrin, a specific inhibitor of GABA transaminase (21, 44), was
used to block the conversion of GABA to SSA. As shown in Fig.

FIGURE 2. Human islets express GHB loop and produce GHB in response to glucose stimulation. A shows gene expression detected by RT-PCR of the
enzymes of the GHB loop including SSA reductase, GHB dehydrogenase, and the putative GHB receptor (TSPAN-17) in four different preparations of normal
human islets. B shows GHB production and release in batch-incubated normal human islets. After 60-min preincubation, batches of 500 islets were incubated
with 0 (open bars) or 10 mM glucose (filled bars) for another 60 min, and GHB was determined in islet homogenates and the incubation supernatants. Versus 0
mM glucose, * indicates p � 0.05 (n � 3). C and D show GHB release and its [13C]GHB enrichment from experiments with [U-13C]glucose (compare with results
in Tables 1 and 2). Normal, filled circles with black line (n � 5); T2D-�GR, open circles with dashed gray line (n � 3); T2D-�NGR, triangles with dashed black line (n �
3). Versus T2D-�GR, * indicates p � 0.05; versus 0 mM glucose, a indicates p � 0.05; versus 5 mM glucose, b indicates p � 0.05. Data are presented as mean � S.E.
(error bars). MPE, mole percent enrichment.
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3A and in supplemental Table 3, in normal human islets in the
absence of exogenous amino acids, inhibition of GABA trans-
aminase by vigabatrin caused a near doubling of intracellular
GABA and eliminated the effect of glucose to lower GABA,
providing further evidence that glucose metabolism increases
flux through the GABA shunt. As shown in Fig. 3B, blockade of
the GABA shunt by vigabatrin resulted in a loss of inhibitory
control of glucagon secretion by glucose in normal human
islets, although vigabatrin had no effect on glucose-mediated
insulin secretion (Fig. 3C), suggesting that glucose-stimulated
secretion of insulin is unlikely to mediate glucose suppression
of glucagon release. This observation favors the hypothesis that
events associated with increased flux through the GABA shunt
or a distal metabolite of GABA (GHB) may mediate glucose
suppression of glucagon secretion independently of insulin
secretion or zinc release.
Because islets can produce GHB, we examined whether the

GHB analog 3-chloropropanoic acid (3-CPA), which is a spe-
cific agonist of the GHB receptor but does not activate the
GABA receptor (45), might inhibit glucagon release stimulated
by amino acids. As shown in Fig. 3D, 3-CPA inhibited amino
acid-stimulated glucagon secretion in four different batches of
normal human islets with maximum inhibition at 2 �M. 3-CPA
at concentrations of 2, 5, 10, and 20 �M had no effect on 10 mM

glucose-stimulated insulin secretion or cytosolic calcium influx
(data not shown), suggesting that at these low concentrations
3-CPA is unlikely to have an inhibitory effect on glucose oxida-
tion. At higher concentrations, 3-CPA may have an inhibitory
effect on pyruvate dehydrogenase (46). However, at the low
concentration of 2�M, 3-CPA is likely to have an�-cell-specific

inhibition. This provides further evidence that GHB, produced
during glucose oxidation and released from �-cells, binds to its
specific receptor on �-cells and inhibits glucagon secretion.
Glycine Stimulates Glucagon Secretion via the Strychnine-

sensitive Glycine Receptor—The evidence presented above sug-
gests that GHB causes receptor-mediated glucose suppression
of glucagon secretion stimulated by amino acids. To further
expand the understanding of �-cell regulation, we explored
whether the amino acid stimulation of glucagon secretion
might also be attributable to receptor-mediated effects of cer-
tain amino acid transmitters (e.g. glutamate, aspartate, or gly-
cine) or whether it is due to a general metabolic amino acid
effect analogous to the mechanisms explaining glucose stimu-
lation of �-cells. To examine this question, cytosolic calcium
([Ca2�]i) responses to individual amino acids were examined in
normal human islets. As shown in Fig. 4A, normal human islets
displayed calcium responses to both 4 mM AAM and to 10 mM

glucose. As previously established, 4 mM AAM failed to stimu-
late insulin secretion (Fig. 4B) but stimulated a 4-fold increase
of glucagon secretion (Fig. 3D), indicating that the calcium sig-
nal observed during amino acid stimulation most likely arose
from �-cells. In contrast, glucose stimulated insulin but not
glucagon secretion, indicating that the islet calcium response to
glucosewasmost likely generated by�-cells. Thus,wewere able
to use measurements of calcium responses to amino acids ver-
sus glucose to distinguish �-cell from �-cell responses in intact
human islets. Upon screening of individual amino acids, glycine
was discovered to be the best candidate amino acid in the mix-
ture causing the increased [Ca2�]i in a dose-dependentmanner
(Fig. 4C). Glutamate, which has previously been suggested to be

FIGURE 3. GHB produced via GABA shunt mediates glucose suppression of glucagon secretion. A–C show GABA levels and glucagon and insulin secretion
in normal islets in the absence (filled circles with solid line) or in the presence of 1.55 mM vigabatrin (open triangles with dashed line). A, islet intracellular GABA
levels; B, glucagon secretion; C, insulin secretion. Versus untreated islets, * indicates p � 0.01; versus 0 mM glucose, a indicates p � 0.05; n � 4. D shows glucagon
secretion stimulated by an amino acid mixture in batch-incubated normal human islets and inhibition of amino acid-stimulated glucagon secretion by the GHB
agonist 3-CPA. After 60-min preincubation, batches of 50 islets were incubated with different treatments for another 60 min. Versus AAM stimulation,
* indicates p � 0.01, and # indicates p � 0.05; n � 4. Data are presented as mean � S.E. (error bars).
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a glucagon secretagogue (47, 48), elicited no response at 0.1mM

(data not shown).
To test the hypothesis that the effect of glycine on �-cell

[Ca2�]imight be due to its well established role as a neurotrans-
mitter, the specific glycine receptor (GlyR) blocker, strychnine,
was used (49). As shown in Fig. 4D, the glycine effect on [Ca2�]i
in normal human islets was indeed blocked by strychnine with
an ED50 of 1–2 �M. As shown in Fig. 4E, normal human islets
expressed mRNA for GlyR, both �1 and � (Fig. 4E, upper
panel), and GlyR protein was detectable in two cases of normal
human islets (Fig. 4E, lower panel). To directly test the effect of
glycine on glucagon release, three separate isolates of normal
human islets were perifused with a glycine ramp. As shown in
Fig. 5A, the glycine ramp stimulated glucagon secretion with a
threshold of 0.3–0.5 mM and a maximum response at 1.2 mM,
which is similar to the thresholds for the islet [Ca2�]i response.
To confirm that the calcium response to glycine was derived

from �-cells, [Ca2�]i was measured in dispersed single islet
cells. As shown in Fig. 5B, individual islet cells showed differ-
ential responses to glycine and glucose: cells that responded to
glycine but not glucose were likely �-cells, whereas cells
responding to glucose but not glycine were likely �-cells. As
shown in Fig. 5C, in normal human islets, 0.5 mM glycine stim-
ulated glucagon secretion, and this effect was blocked by 2 �M

strychnine aswell as by 5mMglucose. The inhibitory regulation
of glucagon secretion by glucose was reversed by the GHB
receptor antagonist NCS-382 (50). As shown in Fig. 5D, unlike
glucose, glycine had no effect on insulin secretion in batch-
incubated normal human islets. Similarly, neitherNCS-382 nor
strychnine affected the insulin responses to glucose. Additional
data in control human islets showed that strychnine had no
impact on 10 mM glucose-stimulated insulin secretion (10 mM

glucose, 7.0 � 2.0 ng/50 islets/h; 10 mM glucose plus 2 �M

strychnine, 6.3 � 1.7 ng/50 islets/h; n � 3, p � 0.05). These

FIGURE 4. Glycine stimulates cytosolic calcium influx and glucagon secretion via strychnine-sensitive glycine receptor in normal human islets.
Cytosolic calcium ([Ca2�]i) levels were measured by dual wavelength fluorescence microscopy using Fura-2 as the calcium indicator. Data are presented as a
black line (mean values), and S.E. values (error bars) are given in gray. A shows [Ca2�]i responses to a 4.0 mM amino acid mixture and 10 mM glucose (G 10) (n �
5). B shows insulin secretion from batch-incubated normal human islets. Versus 0 mM glucose and amino acid mixture, # indicates p � 0.05; n � 4. C shows
effects of different concentrations of glycine on [Ca2�]i (n � 4). D shows dose-dependent strychnine inhibition of [Ca2�]i stimulated by 0.2 or 0.5 mM glycine
(n � 4). E shows gene expression (upper panel) detected by RT-PCR of glycine receptors �1 and �. Results are representative for comparable results from three
separate preparations of normal human islets. The lower panel of E shows the presence of glycine receptor protein detected by Western blotting in two batches
of normal human islets. Data are presented as mean � S.E. (error bars).
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results demonstrate that the �-cell neurotransmitter receptors
for glycine and GHB play a dominant role in the stimulatory
and inhibitory islet regulation of glucagon secretion.
The Expression of Genes of the GHB Loop and Receptors for

GHBandGlycine in PurifiedMouse�-Cells—To investigate the
cellular distribution of theGHB looppathway and the receptors
for GHB and glycine in the islet organ, GFP transgenic mice in
which GFP was specifically expressed in �-cells via the mouse
insulin promoter were used to purify �-cells by FACS (32).
Insulin and glucagon gene expression, detected by quantitative
PCR,was used to evaluate the purity of sorted�-cells. As shown
in Fig. 6A, compared with glucagon gene expression in intact
islets, purified �-cells expressed less than 1% of glucagon
mRNA of the whole islet, indicating high purity of the sorted
�-cells. Gene expression of the GHB receptor (TSPAN-17) and
of the GlyR�1 was not detected by quantitative PCR in purified
�-cells in contrast to their clear expression in intact mouse
islets, suggesting that GHB receptor and GlyR are present in
non-�-cells, likely in �-cells. Of significance is the finding that
the key enzymes of the GHB loop, SSA reductase and GHBDH,
are expressed in different cell types. SSA reductase, like the
GAD gene, was highly expressed in both purified �-cells and
intact islets, whereas GHBDH was undetectable in �-cells but
clearly expressed in whole islets. Because �-cells lack the
enzyme for converting GHB back to SSA for degradation, we
speculate that the production and release of GHB by �-cells is

greatly facilitated. In contrast, �-cells express GHBDH, which
could help regulate GHB effects by reducing it to SSA, thus
limiting its actions as a mediator. To validate the gene expres-
sion profiles, wemeasured [Ca2�]i of single islet cells fromGFP
transgenic mice. As shown in Fig. 6B, GFP-positive cells
(�-cells) were not sensitive to 1 mM glycine stimulation but
showed a clear response to 10 mM glucose. In contrast, GFP-
negative cells (�-cells) were sensitive to glycine stimulation but
not to glucose. These data support the concept that the GlyR is
�-cell-specific.

In light of the gene expression data from purified mouse
�-cells, it was logical to also test the gene expression of theGHB
loop and of the receptors for GHB and glycine in normal and
T2D human islets used in our earlier studies. As shown in sup-
plemental Fig. 3, expression of SSA reductase was decreased
about 50% in the T2D-�GR and 60% in the T2D-�NGR groups
of human islets. Assuming SSA reductase to be �-cell-specific
(Fig. 6A), its reduced expressionmay reflect the 40–50% reduc-
tion of �-cell mass, which has been previously reported in T2D
(51). By comparison with the modest reduction of mRNA
expression of SSA reductase, the much greater reduction in
expression of insulin, GAD, and glucokinase indicates that the
impaired expression of these genes is not simply the conse-
quence of loss of �-cell mass. Expression of GHBDH and GHB
receptormRNAshowed a trend toward decreased levels inT2D
islets, whereas GlyR expression appeared to be unaltered.

FIGURE 5. Glycine stimulates glucagon secretion and [Ca2�]i influx, and this effect is inhibited by glucose and strychnine. A shows glucagon secretion
from perifused normal human islets in response to stimulation by a glycine ramp (0 –5 mM over a period of 30 min; n � 3). B shows different [Ca2�]i responses
to glycine and glucose stimulation and potassium chloride (KCl) in single dispersed human islet cells (data are representative for four separate experiments
with similar results). The cell indicated by the black line is sensitive to glycine stimulation and is likely the �-cell; the cell indicated by the gray line is sensitive to
glucose stimulation and is likely the �-cell. [Ca2�]i levels were measured by dual wavelength fluorescence microscopy using Fura-2 as the calcium indicator. C
and D show glucagon and insulin secretion in response to glycine stimulation and the effects of glucose, strychnine, and the GHB receptor antagonist NCS-382
in batch-incubated normal human islets. After 60-min preincubation, batches of 50 islets were then incubated with different treatments as indicated in the
figure for another 60 min. Versus 0.5 mM glycine, * indicates p � 0.05; n � 4. Data are presented as mean � S.E. (error bars). G, glucose.
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The phenomenon of GHB inhibition and of glycine stimula-
tion of glucagon secretion was also examined in isolated, cul-
tured normal mouse islets. As shown in Fig. 6C, 1 mM glycine
doubled glucagon secretion without stimulation of insulin
release (Fig. 6D). Inmouse islets, 10mM glucose strongly inhib-
ited glycine-stimulated glucagon secretion while stimulating a
marked increase in insulin secretion. Glycine stimulation of
glucagon secretion by �-cells was mediated via its receptor
because the GlyR antagonist, strychnine, prevented glycine-in-
duced glucagon secretion. The GHB receptor agonist 3-CPA
also inhibited glycine-stimulated glucagon secretion in normal
mouse islets. Thus, regulation of �-cells by glycine and GHB in
normal mouse islets is indistinguishable from that observed in
human islets.

DISCUSSION
These studies of glucose control of glucagon secretion in

human islets indicate that the neurotransmitter GHB plays an
important role in transmitting an inhibitory paracrine signal
from �-cells to �-cells during exposure to glucose. GHB is pro-
duced as a consequence of the increase in GABA shunt activity
in �-cells that accompanies the increased flux of glucose car-
bons into TCA cycle pathways during GSIS. Evidence for
involvement of GHB in paracrine control of �-cells was first

detected in islets from type 2 diabetic donors that were non-
responsive to glucose suppression of glucagon release because
of chronic depletion of GABA shunt enzymes and metabolites.
Studies in normal human islets demonstrated increased pro-
duction and release of GHB during glucose stimulation and
showed that inhibition of the GABA shunt pathway to GHB by
the GABA transaminase inhibitor vigabatrin blocked glucose
suppression of glucagon release. In normal human islets, gluca-
gon secretion was directly inhibited by activation of the GHB
receptorwith 3-CPA and increased by blocking theGHB recep-
tor with NCS-382. Additional studies in normal human islets
identified glycine as an important specific amino acid stimula-
tor of glucagon release, suggesting that glycine may serve as a
counterbalance to the inhibitory effect of GHB, thus permitting
glucagon secretion to rise in response to hypoglycemia. Gene
expression profiles of purified mouse �-cells and intact islets
demonstrated that GHB was specifically produced in �-cells.
The presence of SSA reductase but absence of GHBDH in
�-cells ensures that GHB production and release are specific to
�-cells. In contrast, GHBDH and the receptor for GHB are
expressed in �-cells, suggesting that �-cells cannot only sense
GHB but also may remove GHB by an unknown uptake mech-
anism and by GHB degradation through GHBDH.

FIGURE 6. GHBDH and receptors of glycine and GHB are �-cell-specific in mouse islets. A shows relative gene expression of insulin, glucagon, GAD, SSA
reductase, GHBDH, and receptors of GHB and glycine in intact mouse islets and purified �-cells from GFP transgenic mice with �-cell-specific expression (open
bars, whole islets; filled bars, purified �-cells). GAPDH was used as a reference gene. ND, not detectable; n � 3. B shows the calcium response to glycine and
glucose stimulation in a single GFP-positive or -negative islet cell from GFP transgenic mice (data are representative for three separate experiments with similar
results). [Ca2�]i levels were measured by dual wavelength fluorescence microscopy using Fura-2 as the calcium indicator. C and D show glucagon and insulin
secretion in isolated batch-incubated normal mouse islets. Versus glucose-free basal conditions, a indicates p � 0.05; versus 1 mM glycine stimulation, b
indicates p � 0.01, and c indicates p � 0.05; n � 5. Data are presented as mean � S.E. (error bars). GHBR, GHB receptor; G, glucose.

�-Hydroxybutyrate and Glycine Regulate Glucagon Secretion

FEBRUARY 8, 2013 • VOLUME 288 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3947



The identification of GHB as an inhibitory mediator of islet
glucagon responses to glucose was not anticipated at the outset
of these investigations, although it was clear that the mecha-
nisms by which glucose suppresses and hypoglycemia stimu-
lates glucagon release are controversial. Wollheim and
co-workers (7) recently summarized evidence that �-cells are
controlled in a paracrine/endocrine fashion by factors released
from �-cells during GSIS that suppress glucagon release. The
list of candidate factors includes insulin itself, zinc co-secreted
with insulin from insulin granules, GABA, glutamate, soma-
tostatin, ghrelin, GLP-1, and glucagon. The greatest attention
has been focused on insulin and zinc. However, as noted in the
Introduction, because of the differences observed in glucose
concentration thresholds for suppression of glucagon versus
stimulation of insulin, other factors may contribute. Our stud-
ies in normal human islets also confirmed that there was a dis-
crepancy between the levels of glucose that suppress glucagon
and stimulate insulin in normal human islets. Even more dis-
crepant with insulin or zinc being significant regulators of glu-
cagon secretion was our finding that islets from a subset of type
2 diabetic humans showed a normal suppression of glucagon by
glucose despite having impairment of insulin secretion.
Although we cannot rule out the possibility that a permissive
effect of basal insulin secretion in normal or T2D islets is
required for glucose-mediated glucagon suppression, it is
unlikely that a surge of insulin or zinc release via a paracrine
mechanism mediates acute glucose suppression of glucagon
secretion. The data presented here strongly support the notion
that a metabolic signal generated during glucose oxidation in
�-cells controls glucagon secretion from �-cells and that GHB
is likely the signal.
Our experiments did not specifically address all of the vari-

ous paracrine factors proposed as modulators of �-cell gluca-
gon secretion; however, some of the observations are pertinent
to the possible paracrine roles of insulin, zinc, andGABA.With
regard to insulin or co-secreted zinc, in addition to the discrep-
ancies in glucose thresholds for glucagon versus insulin release
noted above, it is worth emphasizing that when vigabatrin was
used to blockGABA transamination and the production of SSA
as substrate for GHB synthesis glucose was no longer able to
suppress glucagon secretion even though the release of insulin
was not affected. This provides evidence that intraislet release
of insulin granules does not directly suppress glucagon. On the
other hand, Kulkarni and co-workers (12) have reported that
mice with �-cell-specific insulin receptor knock-out have ele-
vated basal glucagon secretion and a blunted glucagon response
to fasting hypoglycemia, supporting the concept that intraislet
insulin signaling plays some role in regulating�-cell function in
both normo- and hypoglycemic conditions. These observations
are not necessarily contradictory to our findings because the
well established requirement for insulin in controlling �-cell
response to glucose may reflect a “permissive” endocrine effect
as opposed to a paracrine effect of insulin. It should also be
considered that intraislet insulin signaling may be critical for
maintaining glucose suppression of �-cell glucagon secretion
but that the low threshold for glucose suppression of glucagon
secretion may indicate that such suppression operates without
an acute surge of a paracrine insulin signal. Studies by Robert-

son and co-workers (52) have suggested that zinc might exert
its inhibitory effect on glucagon release via �-cell KATP chan-
nels and that this could explain the lack of a glucagon response
to hypoglycemia observed in SUR1�/� mice. Our observation
that glycine stimulates glucagon release suggests an alternative
target for the action of zinc because zinc has been shown to be
a potent inhibitor of the glycine receptor (53, 54). In addition,
the poor glucagon responses of SUR1�/� islets to hypoglycemia
noted by Robertson and co-workers (52) might reflect the fact
that these islets have very low GABA levels and GABA shunt
activity due to decreased expression of GAD as we have
reported previously (21). Thus, SUR1�/� islets may resemble
the subset of human T2D islets in our study that were not
responsive to glucose suppression of glucagon release due to
decreased expression of GAD and impaired stores of GABA. As
noted in the review by Wollheim and co-workers (7), although
GABA can be released in response to glucose, there are obser-
vations that argue against �-cell GABA per se having a primary
role in glucose suppression of glucagon release (22); this argu-
ment is supported by our observation that vigabatrin blockade
of GABA transaminase led to an increase in islet GABA but
prevented glucose from inhibiting glucagon secretion. The pre-
cursor of GABA, glutamate, also appears to be an unlikely can-
didate for paracrine regulation of�-cells because recent studies
by Feldmann et al. (55) indicate that the release of glutamate
from �-cells is not a regulated process but occurs merely by
reverse flux via the plasma membrane glutamate transporter.
Although it has long been recognized that amino acids are

important stimulators of both insulin and glucagon secretion
by pancreatic islets (6, 17, 56), the specificmechanisms involved
have only recently become apparent primarily with regard to
�-cells. As we have reported (28), leucine plays a key role in
amino acid-stimulated insulin secretion by allosterically acti-
vating glutamate dehydrogenase to increase oxidation of gluta-
mate derived from glutamine and other amino acids. Amino
acids, particularly glutamine, can also potentiate GSIS at steps
distal to the elevation of cytosolic calcium possibly at the level
ofGLP-1 receptor signaling (25, 57). In the present experiments
with human islets, we found that glycine, acting throughplasma
membrane glycine receptors, appeared to be the most effective
among the amino acids in activating �-cell glucagon release
without stimulating insulin secretion. This observation is con-
sistent with in vivo studies in human subjects showing that oral
or intravenous administration of glycine stimulates a rise in
plasma glucagon (but not insulin) levels (58, 59). Because the
threshold for glycine stimulation of glucagon release was simi-
lar to ambient plasma concentrations (�0.2 mM), it is reasona-
ble to consider that blood glycine plays a role in basal rates of
glucagon secretion. In this way, glucose stimulation of islets
suppresses basal glucagon release via the increased production
and release ofGHB from�-cells, whereas hypoglycemia by low-
ering the production of GHB may relieve the inhibitory influ-
ence of �-cells and permit ambient glycine to stimulate gluca-
gon release and thus restore plasma glucose levels to normal.
The glycine-based stimulation of glucagon release during hypo-
glycemia probably operates in synergy with adrenergic stimu-
lation of the �-cell.
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It should be noted that the stimulation of GHB production
as a side reaction of the GABA shunt during GSIS parallels
other predictable changes in �-cell amino acid pools as they
respond to increased substrate flux during glucose stimula-
tion. For example, GSIS is associated with elevations of islet
alanine, reflecting increased production of pyruvate;
decreased aspartate, reflecting increased utilization of oxa-
loacetate to form citrate with acetyl-CoA; and increased glu-
tamate, reflecting increased �-ketoglutarate production and
transamination with both GABA and aspartate. As shown in
Fig. 7, the pathway of glucose carbons flowing into GHB
provides a relatively direct mechanism for coordinating glu-
cose sensing between �-cells and �-cells as a functional unit.
The flow of glucose carbons into glycolysis and the TCA
cycle generates an increase in the ATP/ADP ratio to initiate
the process of insulin release; simultaneously, the expansion
of TCA cycle substrates leads to the generation of GHB,
which can transmit an inhibitory paracrine signal to adjacent
�-cells and decrease glucagon secretion to suppress hepatic
glucose production. In contrast to glucose stimulation,
which selectively elevates insulin and decreases glucagon
release, amino acid stimulation of the islet organ can pro-
mote insulin release via oxidation through GDH while
simultaneously stimulating glucagon release via the glycine
receptor to stimulate hepatic glucose production and pre-
vent the development of hypoglycemia.
GHB was introduced as a sedative drug in the 1960s and

later found to be an endogenous inhibitory brain neu-
rotransmitter produced from GABA and released from pre-
synaptic vesicles (60, 61). At low 1–4 �M concentrations, it
acts on specific high affinity G-protein-coupled GHB recep-

tors that have not been fully defined. At pharmacologic lev-
els seen with recreational drug use, GHB also has effects
mediated via GABAB receptors (62). Therefore, it is possible
that the effect of �-cell GHB production on glucagon secre-
tion involves the GABA as well as the GHB receptors. Our
results indicate that the pathway for GHB synthesis is pres-
ent in �-cells and that �-cells appear to express a putative
GHB receptor, consistent with the observation that glucagon
secretion responds to agents, such as 3-CPA, that act specif-
ically on GHB but not GABA receptors (45). Although a role
for GHB in islets has not previously been described, it has
been suggested that patients with SSA dehydrogenase defi-
ciency who have markedly elevated GHB levels may have an
increased risk of hypoglycemia (63). Hypoglycemia has also
been observed in patients admitted for intoxication with rec-
reational use of GHB.3 These observations might be consist-
ent with GHB suppression of glucagon release.
In summary, the present study provides a new explanation of

how glucose can suppress glucagon secretion and how amino
acids can stimulate glucagon secretion. Glucose oxidation
increases the flux rate of the GABA shunt, resulting in
increased production of GHB, and the augmented GHB release
from �-cells causes inhibition of �-cells via the GHB receptor.
A contribution of the GABA receptor to the GHB inhibition of
�-cells cannot be excluded. Glycine serves as a receptor-medi-
ated stimulator of glucagon secretion explaining in part at least
fuel stimulation of �-cells. These newly proposed mechanisms
may provide potential drug targets to suppress hypergluca-
gonemia in T2D patients.

3 H. Brunengraber, personal communication.

FIGURE 7. Opposite effects of glycine and GHB on glucagon secretion and the metabolic interaction between �- and �-cells. �-Cells are stimulated by
glycine via its receptor and are inhibited by GHB produced by �-cells also via its receptor. During glucose stimulation of insulin secretion, increased generation
of �-ketoglutarate (�-KG) from the TCA cycle supports enhanced flux through the GABA shunt, which leads to increased production of GHB. GHB is generated
from SSA via SSA reductase. Vigabatrin acts as a GABA transaminase (GABA-T) inhibitor. Strychnine inhibits the glycine receptor. 3-CPA is a GHB agonist, and
NCS-382 is a GHB antagonist. ATP and GTP inhibit glutamate dehydrogenase (GDH). SSADH, SSA dehydrogenase; AAs, amino acids.
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