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GABA Metabolism in β-cells
It has been known for many years that β-cells express the enzyme 

required for the synthesis of GABA: L-glutamate is decarboxylated 
to GABA by any of two glutamic acid decarboxylase isoforms (GAD 
65 and GAD 67). GAD 65 is found associated to the “synaptic 
like microvesicles” in β-cells whereas GAD 67 is a soluble enzyme 
[1,2].   It is known that GAD 65 antibodies are one of the most 
prevalent markers of β-cell destruction in type-1 diabetes [3]. Islet 
GABA synthesis is very dependent on the extracellular L-glutamine 

Abstract
It was recognized quite a few years ago that islet GABA metabolism 
might be implicated in the stimulation of insulin secretion by glucose. 
Since then, some studies have been addressed to investigate how 
GABA release by β-cells might exert a negative autocrine control 
of glucose-stimulated insulin secretion and a parallel paracrine 
inhibition of glucagon release trough the activation of GABAB and 
GABAA receptors, respectively. More recently, it has been shown 
that some nutrient secretagogues like glucose and α-ketoisocaproic 
acid (KIC) suppress islet GABA release simultaneously to the 
stimulation of insulin secretion.  Some research groups have found 
that the suppression of GABA release might be a consequence 
of its increased metabolism. This review summarizes the known 
biochemical steps implicated in the synthesis of GABA in β-cells 
and in the acceleration of its metabolism by glucose and KIC in the 
“GABA-shunt”. 2-oxoglutarate (2OG) generation in the citric acid 
cycle during glucose metabolism or in the transamination of KIC 
with glutamate (Glu) secondarily feeds the GABA-transamination 
reaction (GABA-T) that results in the production of semialdehyde 
succinic acid (SSA) and Glu. SSA may be further metabolized 
in the “GABA-shunt” (SSA-dehydrogenase) to succinic acid that 
enters in the citric acid cycle for its further oxidation. The 2OG-
dehydrogenase is a limiting enzymatic step in the citric acid cycle 
and it is proposed that 2OG metabolism in the “GABA-shunt” may 
bypass this restriction allowing a higher maximum rate of glucose 
oxidation and of insulin release. Inhibition of GABA-T (with 1mM 
gabaculine) suppresses the stimulation of insulin secretion and the 
production of ATP due to the mitochondrial metabolism of 2OG, 
together with ADP and GABA, in islets permeabilized to small 
metabolites and cofactors with 70mM KCl.

concentration (Gln), the most abundant amino acid in plasma (0.5 
to 1.0mM): at 0.5mM the content of islet GABA reaches already a 
maximum that remains stable at 5 and 10mM [4]. Therefore, in rat 
islets, GABA synthesis is probably always almost saturated at the Gln 
concentrations prevailing in plasma (0.5-1.0mM).

GABA is further metabolized in the mitochondria following the 
so called “GABA shunt” pathway [5] (Figure 1). Nothing is known 
about the mitochondrial membrane transporter responsible of the 
translocation of GABA from the cytosol into the mitochondria. 
In the mitochondrial matrix, GABA is deaminated by GABA 
transaminase (GABA-T) to succinic semialdehyde acid (SSA) and 

         

Figure 1: Scheme of the metabolic interconnections between the citric acid 
cycle and the “GABA-shunt”

BCATm: branched-chain amino acid transferase, mitochondrial isozyme; 2OG: 
2-oxoglutarate or α-ketoglutarate; 2OGdh: 2-oxoglutarate dehydrogenase; 
GDH: Glutamic acid dehydrogenase; GAD: Glutamic acid decarboxylase; 
GABA-T: GABA transaminase; SSA-dh: Semialdehyde succinic acid 
dehydrogenase; SSA-R: Semialdehyde succinic acid reductase; KIC: oxo-4-
methylpentanoate or α-ketoisocaproate; KC: oxohexanoate or α-ketocaproate; 
GHB: γ-hydroxybutyrate
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its γ-amino group transferred to 2-oxoglutarate (2OG) to generate 
L-glutamate. The source of 2OG for GABA-T reaction might proceed 
from the citric acid cycle during glucose metabolism or from the 
oxidative deamination of Glu by the glutamate dehydrogenase 
enzyme (GDH) [4,6]. In vitro, saturated with the corresponding 
substrates, islet GDH equilibrium is significantly displaced in favor 
of Glu-amination [4]. In support of this observation, increasing the 
intracellular Glu concentration by extracellular L-glutamine (Gln) or 
a permeable form of Glu (dimethyl ester derivative) did not increase 
insulin secretion unless GDH activity was stimulated by L-leucine: 
it accelerated mainly glutamate amination and, to a lower degree, 
also the deamination rate that provides 2OG to the citric acid cycle 
[4]. SSA may enter the citric acid cycle after its oxidation to succinic 
acid by SSA-dehydrogenase or being reduced to γ-hydroxybutyrate 
(GHB) by SSA-reductase [5,7].

GABA has been also claimed to exert a negative autocrine and 
paracrine control of insulin and glucagon secretion, respectively, by 
acting on specific GABAB [8,9] or GABAA receptors [10] on β and 
α-cells of pancreatic islets. This is another potentially important 
functional aspect of β-cell GABA production that is not treated in this 
review as extensively as it would deserve because the review has been 
focused on the discussion of traditional metabolic aspects. Anyhow, 
our previous work has shown that the stimulation of islet insulin 
secretion by α-ketoisocaproic acid (KIC or oxo-4-methyl pentanoic 
acid) and glucose is accompanied of a strong suppression of GABA 
release by rat pancreatic islets [7,11]. Therefore, a potential autocrine 
inhibition of insulin secretion by a basal or stimulated release of 
GABA might be counteracted by glucose or KIC.

Promotion of Islet GABA Catabolism by Nutrient 
Secretagogues

It has been demonstrated that high glucose decreases both the islet 
content and release of GABA and concluded that it is the consequence 
of an increased γ-amine catabolism: both D-mannoheptulose (a 
competitive glucokinase inhibitor) and gabaculine (a specific GABA-T 
inhibitor) counteracted glucose induced decrease of islet GABA [11-
13]. In fact, a positive linear correlation was found between GABA 
release and content at different Gln concentrations [11].

KIC also diminished very strongly islet GABA content 
through an increase of its endogenous catabolism [7,14]: KIC is 
transaminated to Leu by the branched-chain amino acid transferase 
(BCAT) and the resulting α-amino acid accumulates extracellularly; 
in parallel, Glu is deaminated to 2OG [Figure 1]. In a subsequent 
transamination reaction, the resulting 2OG is transaminated with 
GABA (GABA-T reaction) to generate Glu and semialdehyde 
succinic acid. 4-Methylvaleric acid, an inhibitor of BCAT, suppressed 
the transamination of KIC [14] and gabaculine reversed KIC-induced 
decrease of islet GABA content [7]. Similar results were obtained with 
α-ketohexanoic acid (KC, the α-ketoacid derivative of nor-leucine). 
In summary, the generation of 2OG in the citric acid cycle by either 
glucose or KIC seems to promote the metabolism of islet GABA. In 
fact, a membrane permeable form of 2OG (the dimethylester) dose-
dependently increased islet Glu content but decreased GABA content 
at high concentrations [4].

Islet GABA catabolism contributes to the stimulation 
of insulin secretion

The insulin secretory response of rat perifused islets to 20mM 
glucose is significantly suppressed by 0.25mM gabaculine (a specific 
GABA-T inhibitor) at different Gln concentrations. The drug also 
decreases glucose-induced elevation of islet ATP content and the 
ATP/ADP ratio at 1mM [11]. Succinic semialdehyde acid (SSA) 
turned out to be permeable through β-cell plasma membrane and 
stimulated, similarly to glucose, a biphasic insulin secretion [11]. 
The second phase of secretion was diminished by 1mM gabaculine at 
different Gln concentrations. By reversion of the GABA-T reaction, 

SSA generated an increased content of GABA and one might 
conclude that its metabolism both in the citric acid cycle (through its 
conversion to succinic acid) and in the “GABA-shunt” contribute to 
the measured elevation of islet ATP and ATP/ADP ratio [11].

The biphasic secretory response elicited by any of the used 
branched-chain 2-oxoacids (BCKA) was strongly suppressed by 
a BCAT inhibitor [14]: 5mM gabapentin, more specific of the 
cytosolic isoform, decreased within more than 50% the second 
phase of stimulation of insulin secretion by oxo-3-methylpentanoate 
(KMV or α-keto-β-methyl valeric acid, the corresponding keto form 
of valine).  4-Methylvaleric acid, a general inhibitor of both the 
cytosolic and mitochondrial BCAT isoforms, suppressed by more 
than 90% the secretory response of incubated rat islets to KIC. BCKA 
stimulation of insulin secretion was also dependent on the promotion 
of endogenous GABA metabolism: the secretory response to KIC in 
perifused rat islets was suppressed within 26% by 250µM gabaculine 
[7]. Moreover, depletion of islet GABA content by depolarization 
with 70mM KCl decreased the second phase of insulin secretion 
triggered by either KIC or KC within more than 60% [14].

Mechanism of the Contribution of “GABA-shunt” 
Catabolism to the Stimulation of Glucose-Induced 
Insulin Secretion

We proposed the hypothesis that the “GABA-shunt” is necessary 
to bypass a restriction of the metabolic flow in the citric acid cycle 
imposed by a relatively low 2OG-dehydrogenase activity or expression 
in β-cells. It has been shown in rat islets that 2OG-dehydrogenase 
activity is several fold lower than GABA-T activity and both enzymes 
show similar Km-values to their common substrate 2OG [12,13]. At 
the mRNA level, 2OG-dehydrogenase enzyme was the least expressed 
among the six genes studied in rat islets: steady mRNA levels of 
GAD65, GABA-T and succinic acid dehydrogenase were several-fold 
higher than 2OG-dehydrogenase mRNA [11].

Recent experiments have made possible to demonstrate that 
2OG-driven mitochondrial ATP production and insulin secretion 
are dependent on the contribution of GABA-T activity using rat 
islets “permeabilized” with 70mM KCl [17]. This islet preparation 
has been shown to respond to increases in the extracellular ATP 
concentration with increments in the biphasic stimulation of insulin 
secretion [17]. Depolarization with 70mM KCl makes islet β-cells 
permeable to small metabolites and cofactors bellow an exclusion 
limit of 1KD due to the opening of connexin36 hemichannels at the 
plasma membrane of β-cells. This model has allowed us to measure 
the amount of ATP produced and the rate of insulin released in 
permeabilized islets incubated or perifused with 5mM 2OG and 
5mM ADP in the presence of 2mM GABA. 2OG metabolism in the 
mitochondria of permeabilized cells promotes the phosphorylation of 
the accompanying ADP and the resulting ATP equilibrates between 
the cytosol and extracellular medium were it can be measured. 
The permeabilized islets are capable to respond reversibly with an 
increased rate of insulin secretion to an increase concentration of 
metabolites in the perifusate.

As shown in Figure 2, islet depolarization with 70mM KCl induced 
a transient, monophasic release of insulin in perifused rat islets that 
faded out after approximately 10 min. When 5mM 2OG, together with 
5mM ADP and 2mM GABA were simultaneously perifused (mins. 15 
to 55), the height of the first peak of secretion due to KCl depolarization 
was not modified but a second phase was triggered and maintained at 
half the rate recorded at the first peak until the end of the stimulation. 
Insulin release returned fast to basal values after withdrawal of the 
metabolic stimulus. The simultaneous presence of 1mM gabaculine (a 
GABA-T inhibitor), suppressed the second phase of release stimulated 
by 2OG within almost 50% (Figure 2).

The amount of ATP produced and accumulated in the medium 
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after 1 h of incubation of KCl-permeabilized islets, as well as the islet 
ATP content and the corresponding ATP/ADP ratio were measured 
with the luciferin/luciferase system. Figure 3 shows that a nanomolar 
amount of ATP accumulated in the medium after incubation with 
5mM 2OG in presence of 5mM ADP and 2mM GABA and it was 
suppressed within almost 40 % by the additional presence of 1mM 
gabaculine. The islet content of ATP (3.96 ± 0.46, n=8, vs. 4.78 ± 0.50 
pmol/islet, n=8; N.S.), as well as the corresponding ATP/ADP ratio 
(1.51 ± 0.16, n=8, vs. 1.72 ± 0.25, n=8; N.S.), showed a trend to be 
decreased by 1mM gabaculine.

Conclusions
The hypothesis that 2OG-dehydrogenase sets a limit to the 

metabolic flow in the citric acid cycle that is relieved by the “GABA-
shunt” seems to be partially supported by the presented experimental 
data. Moreover, 2OG-dehydrogenase is subjected to regulation by the 
NADH/NAD+ and ATP/ADP ratios [12] and has long been considered 
as a rate-limiting step in the citric acid cycle [18]. Inhibition of 2OG-
dehydrogenase by an increased ATP/ADP ratio at high glucose 
concentrations would subsequently increase the availability of 2OG for 
GABA-T activity diverting the metabolic flow away from the citric acid 
cycle into the GABA-shunt. It cannot be discarded that metabolism 
in the “GABA-shunt” might set the upper limit of islet mitochondrial 
oxidation and insulin secretion (at least of the second, sustained phase)  
in response to glucose and other nutrient secretagogues. In the case 
of stimulation by KIC, 2OG-dehydrogenase activity would not only be 

restricted by an elevated ATP/ADP ratio but by a direct inhibition of 
the enzyme activity by KIC itself [19].
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Figure 2: Stimulation of insulin secretion by 5mM 2-oxoglutarate (2OG) in the 
presence of 5mM ADP and 2mM GABA in perifused rat islets depolarized with 
70mM KCl. Effect of GABA-T inhibition with 1mM gabaculine.

Groups of 40 rat islets were perifused at 5mM glucose (G5, BASAL) for 30 
min, then depolarized with 70mM KCl (n=17; grey circles) alone or together 
with 5mM 2OG + 5mM ADP + 2mM GABA in the absence (n=8, black 
circles) and presence of 1mM gabaculine (n=10, white circles) for another 
40 min (STIMULATION) and finally switched back to G5 alone for the last 
20min (BASAL again). Insulin concentration was measured at 1 min intervals 
in the perifusate after minute 15th. Addition of extra KCl was compensated 
by decreasing an equimolar amount of NaCl. The histograms below the 
perifusions' panel show the statistical comparisons between the total amount of 
insulin secreted under the two different experimental conditions during the first 
(15-25min) and second (25-55 min) phase of stimulation. Insulin concentration 
in the perifusate was radioimmunologically measured every minute using rat 
insulin as a standard (see reference 17 for a more detailed description of 
the method). (*p<0.0001, and †p<0.001 compared with the corresponding bar 
to the left in the absence of perifusate metabolites; **p<0.002 between the 
indicated bars; n=number of experiments)

         

Figure 3: ATP production by rat islets permeabilized with 70mM KCl and 
stimulated by 5mM 2-oxoglutarate (2OG) in the presence of 5mM ADP and 
2mM GABA. Effect of GABA-T inhibition with 1mM gabaculine

Three groups, each of 25 islets, were incubated at 37°C for 60 minutes in 
25µl of Krebs Ringer bicarbonate buffered with 2mM HEPES. The incubation 
was stopped on acetone chilled with dry ice and perchloric acid. ATP and 
ADP were measured in the supernatant after centrifugation with the luciferin/
luciferase system. (See reference 17 for a detailed description of the method; 
*p<0.005 compared with the corresponding control bar to the left; number of 
experiments=9)
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