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L
eucine is the only physiologic amino acid that can
stimulate insulin release by itself, and a great deal
of evidence suggests that leucine does this by al-
losterically activating glutamate dehydrogenase

(GDH). GDH catalyzes the oxidative deamination of endog-
enous glutamate, which is present at a high concentration in
the pancreatic b-cell. Studies that support this role of leu-
cine include the fact that leucine and 2-aminobicyclo[2.2.1]
heptane-2-carboxylic acid (BCH), a nonmetabolizable leucine
analog, are activators of GDH and promote insulin release
from pancreatic islets (1–4). Although the addition to pan-
creatic islets of glutamine alone—which by its conversion to
glutamate enormously increases the intracellular concentra-
tion of glutamate—does not stimulate insulin release, adding
glutamine in the presence of leucine or BCH causes a robust
stimulation of insulin release. Patients with mutations in the
region of the GDH gene that encodes the part of the GDH
protein where the allosteric inhibitor guanosine triphosphate
(GTP) binds to the enzyme suffer from hyperinsulinism
and hypoglycemia (5), and this indicates that GDH is in-
volved in insulin secretion in humans. In addition, recent
studies showed that short-chain 3-hydroxyacyl-CoA de-
hydrogenase (SCHAD) deficiency causes hyperinsulinism
secondary to a loss of inhibition of GDH by SCHAD (6).
Antischizophrenic drugs can produce hyperglycemia in
patients (7,8) perhaps due to their ability to inhibit GDH.
Both insulin release and GDH activity are decreased by
SIRT4 (9), a mitochondrial ADP-ribosyl transferase, and de-
letion of GDH in b-cells partially abolishes the insulin se-
cretory response (10).

THE GDH REACTION

GDH catalyzes the reaction NAD(P) + Glutamate ⇆ NAD
(P)H + a-ketoglutarate + NH4

+ (Fig. 1). The catalytically
active form of the enzyme is six identical 5.7 3 104 mo-
lecular weight monomers configured as a hexamer (11–13).
When the concentration of the hexamer is high, it poly-
merizes (12,13). In addition to possessing binding sites for
substrates and products, the enzyme has allosteric sites
(1,11,13). Ligands are not altered chemically at allosteric
sites, but specific ligands, when bound to these sites, either
inhibit or activate the catalytic reaction at the active sites.
Binding of leucine, ADP, succinyl-CoA, or BCH to the allo-
steric sites increases GDH enzyme activity and polymerization

of its polypeptide chain, while binding of GTP or palmitoyl-
CoA to these sites decreases GDH enzyme activity and
causes dissociation of the polypeptide chains from one
another (1,2,12,13). The activator and inhibitor sites are
overlapping (1,12,13). Consequently, for example, leucine
can displace GTP from the allosteric sites and activate the
enzyme (1).

In 1973 we found that GDH can associate with mito-
chondrial aspartate aminotransferase, (14) and in 1988 we
found that GDH can associate with both mitochondrial
malate dehydrogenase and mitochondrial aspartate ami-
notransferase. Furthermore, binding of mitochondrial as-
partate aminotransferase to GDH enhanced binding of
mitochondrial malate dehydrogenase to GDH (15). For
these and other reasons it was concluded that the three
enzymes form a trienzyme complex (3,16). SCHAD can
also bind to GDH (6). SCHAD is similar to mitochondrial
malate dehydrogenase with respect to molecular weight,
being a dimer, amino acid composition, isoelectric point,
keto substrate inhibition, and immunological cross-reactivity
(17). However, unlike the mitochondrial malate dehydro-
genase, which can activate GDH (15), SCHAD inhibits GDH
(6). We also found that GDH can form complexes with the
a-ketoglutarate dehydrogenase complex and succinyl-CoA
synthetase (1,16). Detailed discussions of the specific-
ities of these interactions are given in references 1, 3,
and 16.

MECHANISM OF ENHANCEMENT OF INSULIN RELEASE

BY GDH

In b-cell mitochondria, the oxidative deamination of glu-
tamate by GDH can stimulate insulin release (18,19) via
indirect effects on other enzymes. We propose that this
is because oxidative deamination of glutamate (Fig. 1),
besides raising the mitochondrial concentration of
a-ketoglutarate, also raises the NADH/NAD and NADPH/
NADP ratios (18,19). In addition to being products of
the GDH reaction, a-ketoglutarate and reduced pyridine
nucleotides are also products of the mitochondrial NAD
isocitrate dehydrogenase and both the mitochondrial
and the cytosolic NADP isocitrate dehydrogenase. The
increases in a-ketoglutarate, NADH, and NADPH will raise
the level of isocitrate secondary to product inhibition of
the isocitrate dehydrogenases (Fig. 1). Reduced pyridine
nucleotides further enhance the inhibition of isocitrate
dehydrogenases by enhancing binding of a-ketoglutarate
to isocitrate dehydrogenases (20). A higher level of iso-
citrate should, through a mass action effect via the aco-
nitase reaction (Fig. 1), convert isocitrate into citrate.
Citrate should in turn be converted into short-chain acyl-
CoAs (21,22). Indeed, activation of GDH by BCH raises the
level of citrate in pancreatic islets and stimulates insulin
release (23). However, activation of other dehydrogenases
or other a-ketoglutarate–generating enzymes does not
stimulate insulin release (24). To summarize, GDH can play
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a special role in regulating insulin secretion because it can
generate a-ketoglutarate to inhibit isocitrate dehydro-
genases, NADPH to inhibit NADP-isocitrate dehydrogenases,
and NADH to inhibit NAD-isocitrate dehydrogenase. The
resulting high level of citrate in the cytosol stimulates the
synthesis of short- and long-chain acyl-CoAs, which are be-
lieved to be coupling factors for insulin secretion (21,22).

We have demonstrated that BCH can produce over a
12-fold increase in the level of citrate in islets (23), and
others have shown that BCH can raise malate from 5.5 to
8.9 pmol/islet and pyruvate from 8.5 to 12.2 pmol/islet (19).
BCH also lowers islet aspartate by 65% and glutamate
by 28% (25). These results are consistent with BCH acti-
vating a-ketoglutarate production by GDH, which increases

production of 1) pyruvate by mitochondrial alanine ami-
notransferase; 2) oxaloacetate by mitochondrial aspartate
aminotransferase; 3) oxaloacetate by pyruvate carboxyl-
ase; and 4) acetyl-CoA by the pyruvate dehydrogenase
complex (Fig. 1). The oxaloacetate generated is then used
along with acetyl-CoA (Fig. 1) to produce citrate via the
citrate synthase reaction in the mitochondrion. Citrate is
then exported to the cytosol where it can be used for
synthesis of the short- and long-chain acyl-CoAs. Malate
derived from oxaloacetate produced by aspartate amino-
transferase and pyruvate carboxylase in the mitochondria
can then enter the cytosol where it provides reduced
pyridine nucleotides. These sets of reactions start with GDH,
which adds a-ketoglutarate to the citric acid cycle, and

FIG. 1. Reactions associated with oxidative deamination of glutamate by glutamate dehydrogenase to stimulate insulin secretion. Leucine’s allosteric
activation of GDH causes the oxidative deamination of glutamate to a-ketoglutarate in b-cell mitochondria to lead to increased production of citrate.
This could be because reduced pyridine nucleotides and a-ketoglutarate, which are products of the GDH reaction, are also product inhibitors of
isocitrate dehydrogenases. Inhibition of isocitrate dehydrogenases should raise the level of isocitrate and, via the conversion of isocitrate to citrate in
the aconitase reaction, increase the level of citrate. In addition, the generation of a-ketoglutarate by GDH should promote production of oxaloacetate
and pyruvate by mitochondrial aspartate aminotransferase and mitochondrial alanine aminotransferase, respectively. Consequently, oxaloacetate
could be used in the citrate synthase reaction to generate citrate. Pyruvate, via the pyruvate dehydrogenase complex reaction, could supply citrate
synthase with acetyl-CoA and, via the pyruvate carboxylase reaction, supply oxaloacetate to citrate synthase. In addition, a-ketoglutarate produced by
GDH should be converted to succinyl-CoA catalyzed by the a-ketoglutarate dehydrogenase complex reaction. The higher level of succinyl-CoA, which is
also an activator of GDH, should further enhance GDH activity. The formation of citrate in the mitochondrial matrix should be followed by its transfer
to the extramitochondrial space where it can be used for the synthesis of short-chain acyl-CoAs, which are believed to be signals for insulin secretion.
The reactions described above would be supplemented by the direct synthesis from leucine by itself of acetoacetate by succinyl-CoA:3-ketoacid-CoA
transferase and hydroxymethylglutaryl-CoA lyase in mitochondria, followed by the transport of acetoacetate into the extramitochondrial space
and its utilization for the synthesis of short-chain acyl-CoAs. Some of the relevant enzymes that can associate with GDH are mitochondrial as-
partate aminotransferase, mitochondrial malate dehydrogenase, and also (not shown) short-chain 3-hydroxyacyl-CoA dehydrogenase. GDP, gua-
nosine diphosphate; a-KG, a-ketoglutarate; OAA, oxaloacetate; Pi, inorganic phosphate; Suc-CoA, succinyl-CoA.
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culminate in the production of citrate catalyzed by citrate
synthase. A rise in citrate levels also coincides with the
initiation of insulin secretion when glucose instead of BCH
is the secretagogue (26), and the dose dependence of
glucose-stimulated insulin release correlates with the cel-
lular contents of citrate and malate.

EFFECT OF GLUTAMINE

Glutamine, after its conversion to glutamate by glutaminase,
can also increase a-ketoglutarate production by GDH
(18,19); however, as mentioned above, adding even a high
concentration of glutamine alone to islets does not stimulate
insulin release (18,19). Glutamine alone probably does not
promote insulin release because glutamate derived from
glutamine would lower the level of oxaloacetate and pyru-
vate via reversing the mitochondrial alanine aminotransfer-
ase and aspartate aminotransferase reactions. Lowering the
levels of oxaloacetate and pyruvate would diminish insulin
release because there would be insufficient levels of these
metabolites for their conversion into citrate and acyl-CoAs.
The concept that adding glutamine alone to islets leads to
depletion of oxaloacetate and pyruvate by reversing these
aminotransferase reactions is consistent with the fact that
adding glutamine alone increases the level of alanine (from
14.3 to 26.3 pmol/islet) and the level of aspartate (from 17.2
to 28.4 pmol/islet) (18,19). When islets are incubated with
glutamine in the presence of BCH to activate GDH, there is
stimulation of insulin release (19): the a-ketoglutarate pro-
duced by GDH enables the production of pyruvate catalyzed
by mitochondrial alanine aminotransferase and oxaloacetate
catalyzed by mitochondrial aspartate aminotransferase.

When glutamine alone is incubated with islets, the glu-
tamate that is generated can also be decarboxylated to
g-aminobutyrate (GABA) via the glutamate decarboxylase
reaction (27). Although GABA can be used for the pro-
duction of succinate via the GABA shunt, and succinate is
insulinotropic in fresh pancreatic islets (28), the GABA
pathway by itself is apparently not sufficiently active to
promote insulin release (27). When leucine is added with
glutamine to activate a-ketoglutarate production by GDH,
however, there is insulin release. This could be because
sufficient a-ketoglutarate is generated for the transamina-
tion of GABA by GABA aminotransferase (27).

CITRATE

As previously cited above, activating GDH leads to an in-
creased production of citrate, which promotes insulin re-
lease. Incubation of pyruvate with insulinoma cells and
islet mitochondria results in a progressive increase in the
level of citrate and oscillations in citrate levels (29). Op-
posing an increase in the level of citrate would be sub-
strate inhibition of citrate synthase by citrate and the
export of citrate from the mitochondria; thus, an increase
in citrate to a high level in mitochondria would be followed
by its decrease causing the level of citrate to oscillate (29).
Oscillations of this type are either not found with other
Krebs cycle intermediates or are only found with a lower
amplitude (29). In islets, citrate oscillations could correlate
with oscillations in insulin release.

DIRECT SUBSTRATE TRANSFERS THROUGH ENZYME:

ENZYME INTERACTION

As mentioned above, we have found with studies of pure
enzymes that GDH has a high affinity for mitochondrial

aspartate aminotransferase and mitochondrial malate de-
hydrogenase (4,13–15). The catalytically active GDH hex-
amer (342 kDa) is a considerably larger enzyme than the
90 kDa mitochondrial aspartate aminotransferase dimer
(30) or the 68 kDa mitochondrial malate dehydrogenase
dimer (17). Consequently, heteroenzyme complexes can be
formed with both mitochondrial aspartate aminotransferase
and mitochondrial malate dehydrogenase bound to GDH
(3,4,13–16). In these trienzyme complexes, the active sites
of each enzyme could be in close proximity with one an-
other. NADH, therefore, can be directly transferred from
GDH to mitochondrial malate dehydrogenase such that:
GDH-NADH + mitochondrial malate dehydrogenase ⇆ GDH-
NADH-mitochondrial malate dehydrogenase ⇆ GDH + mi-
tochondrial malate dehydrogenase-NADH. This would not
only eliminate the necessity of NADH having to diffuse
from GDH to mitochondrial malate dehydrogenase, but it
would also retard interception of NADH by other dehy-
drogenases (3,4,13,16,31). The net effect of this enzyme:
enzyme interaction would be the facilitation of oxidative
deamination of glutamate and consequently insulin secre-
tion because dissociation of NADH from GDH is the rate-
limiting step in the GDH reaction (32). These interactions
between GDH, malate dehydrogenase, and NADH can take
place because GDH has B chirality with respect to NADH
binding while malate dehydrogenase has A chiral specificity
(31,33) enabling NADH to be directly transferred from one
enzyme to the other.

The direct transfer of oxaloacetate from mitochondrial
malate dehydrogenase to mitochondrial aspartate amino-
transferase might not take place unless the active sites of
these two enzymes are in close proximity (3,13,15). The mi-
tochondrial aspartate aminotransferase-GDH-mitochondrial
malate dehydrogenase trienzyme complex therefore might
serve as a segregated source of malate for the transfer of
reducing equivalents to the cytosol when the demand for
NADH is high. If the demand for NADH is in part met by
fatty acid oxidation, then synthesis of malate within this
heteroenzyme complex, which has GDH in close proximity
to mitochondrial malate dehydrogenase, protects mito-
chondrial malate dehydrogenase from inhibition by fatty
acyl-CoAs such as palmitoyl-CoA (4,13,15).

The ability of GDH to generate NADH for the mito-
chondrial malate dehydrogenase can also be enhanced by
the known abilities of GDH to associate with either the
a-ketoglutarate dehydrogenase complex or succinyl-CoA
synthetase (4,13,15). The complexes between GDH and
the latter two enzymes can serve to remove inhibitors,
such as a-ketoglutarate or GTP, from GDH. Removal of
a-ketoglutarate from mitochondrial aspartate aminotrans-
ferase would be facilitated by the higher reactivity of
a-ketoglutarate bound to the pyridoxamine-P form of the
mitochondrial aspartate aminotransferase than the lower
reactivity of the free a-ketoglutarate with the a-ketoglutarate
dehydrogenase complex (34). The production by the
a-ketoglutarate dehydrogenase complex of succinyl-CoA,
an activator of GDH, would therefore be enhanced (13).

By using previously described methods (3), we have found
that the concentrations of GDH (hexamer), mitochondrial
aspartate aminotransferase (dimer), and mitochondrial
malate dehydrogenase (dimer) in islet mitochondria are
about 7.6 mmol/L, 26 mmol/L, and 43 mmol/L, respectively
(L.A.F., unpublished observations). There is thus ample
mitochondrial aspartate aminotransferase and mitochon-
drial malate dehydrogenase so that all of the GDH in islet
mitochondria could be associated with these two enzymes.
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In addition, there is evidence that a stable trienzyme
complex of these enzymes is one in which one mitochon-
drial malate dehydrogenase dimer plus one mitochondrial
aspartate aminotransferase dimer is bound to one GDH
hexamer (3). The formation of the trienzyme complex is
favored by activation of GDH by Mg2+ plus leucine or Mg2+

plus ATP, which in turn enhances binding of GDH to mi-
tochondrial aspartate aminotransferase (1,13). Inhibitors
of GDH, such as citrate, malate, and high levels of ATP,
decrease binding of mitochondrial aspartate aminotrans-
ferase to GDH (3,4). Mitochondrial aspartate aminotrans-
ferase also has a high affinity for a specific site on the inner
mitochondrial membrane, which we have purified and
characterized (35). This site could facilitate organization of
mitochondrial aspartate aminotransferase, GDH, and mi-
tochondrial malate dehydrogenase on the inner mito-
chondrial membrane. (Most of the experiments described
above were performed with bovine GDH [36]. Unlike bo-
vine GDH, rat GDH does not polymerize, but the inter-
actions between rat GDH and mitochondrial aspartate
aminotransferase are similar to those of bovine GDH with
aspartate aminotransferase [36–38]. This indicates that
polymerization of GDH is not necessary for GDH to asso-
ciate with the mitochondrial aspartate aminotransferase.)
SCHAD also associates with and inhibits GDH (6,39). This
is quite significant in islet mitochondria where the level of
SCHAD is higher than the level of GDH (17). SCHAD is
quite similar in many ways to mitochondrial malate de-
hydrogenase. As previously suggested (17), a difference
between the two could be attributed to 180° rotation in the
binding orientation of NAD.

ALLOSTERIC MODIFIERS

Allosteric modifiers are bound in the region of a site on
GDH, which is different from the binding site for its sub-
strates and products. The allosteric activators leucine,
BCH, ADP, and succinyl-CoA (1,4,13) can almost completely
replace the allosteric inhibitors GTP, palmitoyl-CoA, and
Zn2+ on the allosteric site (1,13,40–42). Consequently,
succinyl-CoA and other GDH activators can produce a
marked increase in GDH activity not only by directly ac-
tivating GDH, but also by enhancing dissociation of inhib-
itors from GDH.

Inhibition of GDH can also depend on the level of GDH
in the mitochondria relative to the concentration of the
inhibitor in the mitochondria. For example, the level of
GDH in rat liver mitochondria is about 80 mmol/L with
respect to GDH hexamers or 430 mmol/L with respect to
individual GDH polypeptide chains (3); therefore, even if
the dissociation constant of the enzyme-inhibitor complex
is quite low, complete inhibition of GDH in liver mito-
chondria would require a concentration of at least 430
mmol/L inhibitor. In rat islet mitochondria, the level of
GDH is low and ;8 mmol/L with respect to hexamer. This
considerably lowers the level of an inhibitor required for
complete inhibition of islet GDH. GDH has a higher affinity
than any other known protein for palmitoyl-CoA (40,41).
The Ki of palmitoyl-CoA (0.03 mmol/L) is lower than the
mitochondrial level of palmitoyl-CoA (1,13,40,41), and thus
palmitoyl-CoA is likely a potent inhibitor of the GDH re-
action in pancreatic islet mitochondria.

Long-chain acyl-CoAs, such as palmitoyl-CoA, are syn-
thesized in the cytosol. The first committed step in fatty
acid synthesis is utilization of acetyl-CoA for production of
malonyl-CoA via the acetyl-CoA carboxylase reaction.

Long-chain acyl-CoAs do not readily traverse the inner
mitochondrial membrane; therefore, in order for a long-
chain acyl-CoA to inhibit GDH, which is located within the
mitochondrial matrix, the long-chain acyl group must first
form a complex with carnitine followed by the transport of
this complex across the mitochondrial membranes. On the
matrix side (inside) of the mitochondrial membrane, the
acyl group is transferred back to CoA. This transport
mechanism is inhibited by malonyl-CoA (43); therefore,
malonyl-CoA can decrease the mitochondrial level of long-
chain acyl-CoAs and thereby decrease inhibition of GDH
by long-chain acyl-CoAs and increase insulin release. The
reduced ability of GTP to inhibit the mutant GDH found
in some patients accounts for the high levels of insulin
and hypoglycemia found in these patients (5). The level of
Zn2+, which is a potent inhibitor of GDH (Ki = 0.5 mmol/L
[4,44]), can be quite high in islet mitochondria (45);
therefore, Zn2+ would also be expected to inhibit GDH in
islets.

Although leucine allosterically activates GDH and stim-
ulates insulin secretion similarly to BCH (2,18,19), leucine
alone is a more potent insulin stimulant than BCH (46,47).
The additional insulinotropic action of leucine probably
results from its conversion to acetoacetate plus acetyl-CoA
(46,47). This would be followed by the utilization of these
two metabolites for the synthesis of the short- and long-
chain acyl-CoA, which are believed to enhance insulin
release as previously described (1,21,22).

Antischizophrenic drugs, such as haloperidol, have anti-
insulin actions. They can produce hyperglycemia, which
in turn can result in type 2 diabetes, metabolic acidosis,
ketosis, and hyperglycemia-related deaths (7). The diabeto-
genic action of these drugs could be because these drugs
are potent inhibitors of GDH (8) in the b-cell and therefore
inhibit insulin secretion. The effect of these drugs on GDH
is similar to that of the other allosteric inhibitors of GDH
discussed above and is decreased by ADP (1,8).
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