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We investigated the mechanisms involved in KHG26377 regu-
lation of glutamate dehydrogenase (GDH) activity, focusing on 
the roles of SIRT4 and SIRT3. Intraperitoneal injection of mice 
with KHG26377 reduced GDH activity with concomitant re-
pression of glucose-induced insulin secretion. Consistent with 
their known functions, SIRT4 ribosylated GDH and reduced its 
activity, and SIRT3 deacetylated GDH, increasing its activity. 
However, KHG26377 did not affect SIRT4-mediated ADP-ribo-
sylation/inhibition or SIRT3-mediated deacetylation/activation 
of GDH. KHG26377 had no effect on SIRT4 protein levels, 
and did not alter total GDH, acetylated GDH, or SIRT3 protein 
levels in pancreatic mitochondrial lysates. These results sug-
gest that the mechanism by which KHG26377 inhibits GDH 
activity and insulin secretion does not involve ADP-ribosyla-
tion of GDH by SIRT4 or deacetylation of GDH by SIRT3. 
[BMB Reports 2012; 45(8): 458-463]

INTRODUCTION

Mammalian glutamate dehydrogenase (GDH) (EC 1.4.1.3) is a 
mitochondrial enzyme that reversibly catalyzes deamination of 
L-glutamate to 2-oxoglutarate using either NAD+ or NADP+ as 
a coenzyme (1). It has been reported that allosteric activation 
of GDH causes insulin release, suggesting that GDH may play 
a role in the pathophysiology of pancreatic β cells (2). The ex-

pression levels of GDH correlate with the rate of gluta-
mate-stimulated exocytosis in β cells (3). Moreover, over-
expression of constitutively activated GDH induces insulin se-
cretion through enhanced glutamate oxidation (4). Also, GDH 
overexpression in rat islets potentiates insulin release at high 
glucose concentrations (5). In transgenic mice lacking GDH 
specifically in β cells, the resulting decrease in insulin secre-
tory capacity decreases plasma insulin levels and diminishes 
the response to both feeding and glucose load (6). Inhibition of 
GDH activity has been shown to decrease insulin release (7), 
whereas activating mutations in GDH are associated with a hy-
perinsulinism syndrome (8, 9). Many mutation sites are lo-
cated in the GTP-binding site and likely act by interfering with 
GTP binding (10, 11). Therefore, compounds that specifically 
target GDH could be therapeutically useful if they also in-
hibited the hyperinsulinism mutant forms of GDH (12).
　It is known that GDH is regulated by reversible ADP-ribosy-
lation (13). Although many researchers have studied ADP-ribo-
sylation of mitochondrial proteins (13-17), the identity of pro-
teins involved remained unknown until Herrero-Yraola et al. 
(13) showed that GDH is an actual target of this modification. 
SIRT4 is a mitochondrial enzyme that uses NAD+ to ADP-ribo-
sylate and downregulate GDH activity (18). Interestingly, small 
interfering RNA (siRNA)-mediated knockdown of SIRT4 enhan-
ces insulin secretion in β cells (19). SIRT4 is one of seven sir-
tuin protein family members (SIRT1-SIRT7) that share a cata-
lytic domain with Sir2 (silent information regulator 2), an 
NAD+-dependent protein deacetylase that controls longevity 
in lower eukaryotes. Another sirtuin family member, SIRT3, is 
a major mitochondrial deacetylase that controls the reversible 
lysine acetylation status of mitochondrial proteins (20, 21). 
GDH is a substrate of SIRT3, which can deacetylate and there-
by stimulate GDH enzymatic activity (20, 21). The N- and 
C-terminal regions of SIRT3 influence its activity against GDH 
and peptide substrates, indicating that these regions play roles 
in regulation and substrate recognition (21).
　Our recent study showed that KHG26377 (2-cyclopropylimino- 
3-methyl-1,3-thiazoline hydrochloride) inhibits GDH activity 



Inhibition of GDH and insulin secretion by KHG26377
Eun-A Kim, et al.

459http://bmbreports.org BMB Reports

Parameters Control KHG26377

Vmax (units/mg protein)
Km(NADH) (μM)
Km(Ammonia) (mM)
Km(Glutamate) (mM)
Km(α-Ketoglutarate) (mM)

0.65 ± 0.07
33.05 ± 1.02
7.01 ± 0.69
6.53 ± 0.29
2.16 ± 0.36

0.42 ± 0.05*
33.34 ± 0.97
6.81 ± 0.75
6.10 ± 0.40
1.99 ± 0.29

GDH activity was measured in isolated pancreatic islets from control 
or KHG26377 (1 mg)-treated mice. Values are expressed as means ±
standard errors of the mean (SEMs). *Significantly different between 
the two groups (P ＜ 0.05).

Table 1. Effects of KHG26377 on GDH activity in vivo

Fig. 1. Effects of KHG26377 on GDH activity and insulin secre-
tion in vivo. (A) KHG26377 inhibits GDH activity in vivo. GDH 
activity was measured in isolated pancreatic islets from control 
and KHG26377-treated mice (n = 3 each). (B) KHG26377 down-
regulates insulin secretion in vivo. Insulin secretion was measured 
in isolated pancreatic islets from control and KHG26377-treated 
mice (n = 3 each) stimulated with glucose (5-20 mM). In this 
and all other figures, values are expressed as means ± standard 
errors of the mean (SEMs). *Significantly different between the 
two groups (P ＜ 0.05).

and downregulates insulin secretion in pancreatic islets (22). 
However, its mechanisms of action have not yet been elucidated. 
In the current study, we have further investigated the regu-
latory mechanisms underlying the effects of KHG26377 on 
GDH activity.

RESULTS AND DISCUSSION

Effects of KHG26377 on GDH activity and insulin secretion 
in vivo 
A number of recent studies have used inhibitors to decrease 
GDH activity in pancreatic islets (7, 12, 22-26). Upon glucose 
stimulation, GDH inhibition results in both diminished insulin 
release and decreased cellular glutamate levels (26). Green tea 
polyphenols inhibit GDH and reduce insulin release when 
pancreatic islets are stimulated with glutamine and BCH (2-a-
mino-2-norbornane carboxylic acid), although not upon glu-
cose stimulation (12). We previously reported the loss of GDH 
activity following perfusion of islets with KHG26377, a thia-
zole derivative, in vitro (22). KHG26377 also reduced the 
amount of insulin released and caused a rightward shift in the 
concentration dependence of glucose-induced insulin secre-

tion in islets (22). To further investigate the mechanism and ef-
fects of KHG26377 on GDH activity and insulin secretion in 
vivo, we injected mice intraperitoneally with different concen-
trations of KHG26377. In agreement with our previous in vitro 
results (22), GDH activity was markedly reduced in a concen-
tration-dependent manner in the KHG26377-treated group 
(Fig. 1A). KHG26377 injection also repressed glucose-induced 
insulin secretion in vivo (Fig. 1B), supporting the idea that 
KHG26377 inhibits insulin secretion by repressing GDH 
activity. Enzyme kinetic studies were performed to provide a 
more detailed comparison. As shown in Table 1, Vmax was sig-
nificantly reduced (up to 35%) in pancreatic islets from 
KHG26377-treated mice. However, no significant differences 
in Km values for substrate and coenzyme were shown between 
the KHG26377-treated group and the control group (Table 1).

Effects of KHG26377 on recombinant SIRT4-mediated 
ADP-ribosylation and inhibition of bovine GDH activity
Because KHG26377 did not inhibit GDH activity directly (data 
not shown), we surmised that some other mechanism plays a 
major role in the regulation of insulin secretion. Numerous re-
ports have shown that GDH is a key enzyme in the control of 
insulin secretion in pancreatic β cells; moreover, mutations of 
GDH are associated with a hyperinsulinism syndrome (7-9). In 
addition to being modulated by allosteric regulation, GDH is 
known to be regulated by reversible cysteine-specific ADP-ri-
bosylation in mitochondria (13, 25). According to these re-
ports, ADP-ribosylation substantially inhibits GDH catalytic ac-
tivity, and ADP-ribosylated GDH can be reactivated by an 
Mg2＋-dependent mitochondrial ADP-ribosylcysteine hydrolase 
(13, 25). Cys-119 might have an important role in the regu-
lation of hGDH isoenzymes by ADP-ribosylation (25). SIRT4, 
the mammalian Sir2 homolog, was revealed as a mitochon-
drial ADP-ribosyltransferase that modifies GDH, and thereby 
affects insulin secretion and amino acid metabolism in the 
pancreas (18, 19, 27). In particular, it has been shown that glu-
cose-stimulated insulin secretion is increased by SIRT4 down- 
regulation and decreased by SIRT4 over-expression (19). Mono- 
ADP-ribosylated proteins can be generated by two mecha-
nisms: through direct enzymatic transfer of ADP-ribose from 
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Fig. 2. Effects of KHG26377 on recombinant SIRT4-mediated ADP- 
ribosylation and inhibition of bovine GDH activity. (A) Effects of 
KHG26377 on the expression of GDH and SIRT4 protein in iso-
lated pancreatic islets from control and KHG26377-treated mice. 
Western blotting was performed with anti-GDH and anti-SIRT4 
antibodies. (B, C) Purified bovine brain GDH was ADP-ribosylated
by recombinant SIRT4 (2 μg) with 0.1 mM NAD+ in the presence
and absence of different concentrations of KHG26377. Samples 
were withdrawn at the indicated times for assay of ADP-ribosyla-
tion (B) and GDH activity (C). Results are expressed as a percent-
age of the respective control.

NAD+, and via a noncatalytic reaction with free ADP-ribose 
(15). According to Haigis et al. (18), SIRT4 does not function 
as an NAD+ glycohydrolase to cleave NAD+, but instead like-
ly ADP-ribosylates GDH through direct transfer of ADP-ribose 
from NAD+. Thus, it is reasonable to speculate that SIRT4 
might also play a role in KHG26377-induced GDH inhibition 
and insulin repression. To test this possibility, we compared 
the protein expression level of GDH and SIRT4 in isolated 
pancreatic islets from control and KHG26377-treated mice by 
Western blotting. Our results, however, showed that SIRT4 
and GDH protein expression were both unchanged in isolated 

pancreatic islets from KHG26377-treated mice (Fig. 2A), sug-
gesting that KHG26377 does not in itself affect SIRT4 protein 
expression.
　We next investigated whether ADP-ribosylation of GDH by 
recombinant SIRT4 was affected by KHG26377 in the pres-
ence of NAD+ in vitro. Recombinant SIRT4 showed ADP-ribo-
syltransferase activity toward purified bovine brain GDH (Fig. 
2B), an activity that was inhibited by nicotinamide (data not 
shown). These results are consistent with previous reports by 
Haigis et al. (18). However, KHG26377 showed no effects on 
the ADP-ribosylation of GDH (Fig. 2B). Since ADP-ribosylation 
is known to inhibit GDH activity (13), we further determined 
whether SIRT4 inhibited GDH activity in the presence of 
NAD+. After a 2-h incubation, an aliquot of the reaction was 
removed for measurement of GDH activity. SIRT4 reduced the 
enzymatic activity of GDH by up to 40% (Fig. 2C). Moreover, 
this inhibitory effect of SIRT4 was lost in the absence of NAD+ 
or in the presence of nicotinamide (data not shown), suggest-
ing that ADP-ribosylation by SIRT4 is required for GDH 
inhibition. Once again, KHG26377 did not affect SIRT4-medi-
ated inhibition of GDH activity (Fig. 2C). These results demon-
strate that the reduction in GDH activity and subsequent in-
sulin secretion by KHG26377 in vivo (Fig. 1) was not directly 
related to the ADP-ribosylase activity of SIRT4, although we 
cannot exclude the possibility that another mitochondrial 
ADP-ribosyltransferase is affected by KHG26377.

Effects of KHG26377 on recombinant SIRT3-mediated 
deacetylation and activation of GDH
Reversible deacetylation by SIRT3 is also known to regulate 
GDH. SIRT3 is a soluble mitochondrial protein that controls 
global mitochondrial protein acetylation levels. Schlicker et al. 
(21) identified GDH as one target of SIRT3. Although the func-
tional significance of GDH acetylation is unclear, chemical 
acetylation has been shown to reduce the enzymatic activity of 
GDH (20, 21). In this study, we investigated whether the de-
crease in GDH activity induced by KHG26377, shown in Fig. 1, 
was related to SIRT3-mediated deacetylation. In these experi-
ments, we measured total GDH, acetylated GDH, and SIRT3 
protein expression in pancreatic mitochondrial lysates from 
control and KHG26377-treated mice. Pancreatic mitochon-
drial lysates were immunoprecipitated with an anti-GDH-con-
jugated resin, and immunoprecipitates were probed with an-
ti-acetyl-lysine antibodies to detect acetylated GDH (Ac-GDH) 
and with GDH antibodies to detect total GDH (t-GDH). SIRT3 
in pancreatic mitochondrial lysates was also detected by im-
munoblotting with an anti-SIRT3 antibody. KHG26377 treat-
ment did not change the levels of total GDH, acetylated GDH, 
or SIRT3 proteins in pancreatic mitochondrial lysates (Fig. 3A 
and B).
　It was previously shown that GDH is acetylated in a feed-
ing-dependent manner (28). It is also known that GDH and 
SIRT3 are co-localized in the mitochondrial matrix (29), and 
that GDH from SIRT3 knockout mice is hyperacetylated com-
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Fig. 3. Effects of KHG26377 on recombinant SIRT3- 
mediated deacetylation and activation of GDH. (A) 
Effects of KHG26377 on the expression of total GDH, 
acetylated GDH, and SIRT3 protein in pancreatic mi-
tochondrial lysates from control and KHG26377- treat-
ed mice. Pancreatic mitochondrial lysates were im-
munoprecipitated with anti-GDH-conjugated resin, wash-
ed, and immunoblotted with anti-acetyl-lysine anti-
bodies to detect acetylated GDH (Ac-GDH) and with 
anti-GDH antibodies to detect total GDH (t-GDH). 
Pancreatic mitochondrial lysates were also probed for 
SIRT3 by immunoblotting with anti-SIRT3 antibodies. 
(B) Densitometric analysis of Ac-GDH and SIRT3 ex-
pression levels shown in (A). (C, D) Effects of KHG 
26377 on recombinant SIRT3-mediated deacetylation (C) 
and activation (D) of GDH obtained from control and 
KHG26377-treated mice. Results are expressed as a 
percentage of the respective control.

pared to protein from wild-type mice (20). Moreover, GDH 
isolated from mammalian mitochondria in its partly acetylated 
form has been tested as a SIRT3 substrate in vitro in an ELISA 
system using an antibody specific for acetylated lysine (21). 
Using such an ELISA, we found that recombinant SIRT3 deace-
tylated GDH isolated from mitochondria (Fig. 3C). However, 
KHG26377 had no effect on SIRT3-mediated deacetylation of 
GDH (Fig. 3C). We next tested the effect of deacetylation on 
GDH activity and found that the deacetylation of GDH caused 
by incubation with recombinant SIRT3 and NAD+ increased 
GDH activity by up to 26% in a concentration dependent 
manner (Fig. 3D). Once again, KHG26377 had no effect on 
SIRT3-mediated activation of GDH (Fig. 3D).
　The results presented here show that intraperitoneal in-
jection of mice with KHG26377 significantly reduces GDH ac-
tivity with concomitant repression of glucose-induced insulin 
secretion. These results are consistent with our previous stud-
ies showing that KHG26377 inhibits GDH activity and down-
regulates insulin secretion in cultured islets (22). However, de-
spite the fact that GDH is a known substrate of SIRT3 and 
SIRT4 (18-21), the effects of KHG26377 on GDH activity and 
insulin secretion in vivo do not involve the regulation of GDH 
through SIRT4-mediated ADP-ribosylation or SIRT3-mediated 
deacetylation. The actual regulatory mechanism involved in 
KHG26377-induced GDH inhibition remains to be elucidated.

MATERIALS AND METHODS

Materials
Insulin, dexamethasone, NAD+, NADH, α-ketoglutarate, and 

L-glutamate were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Insulin-free bovine serum albumin fraction, guinea 
pig anti-porcine insulin serum, and rabbit anti-guinea pig glob-
ulin serum were from the Cell Signalling Technology (Beverly, 
MA, USA) Fetal calf serum and Dulbecco’s Modified Eagle’s 
Medium were obtained from Gibco-BRL Life Technologies 
(Rockville, MD, USA) All other chemicals and solvents were of 
reagent grade or better. Bovine brain GDH and anti-GDH 
monoclonal antibodies were produced in our laboratory as 
previously described (23, 24). Recombinant human SIRT3 was 
purchased from Cayman Chemical (Ann Arbor, MI, USA), and 
recombinant human SIRT4 was purchased from Sigma-Aldrich. 
Antibodies against SIRT3 and SIRT4 were purchased from 
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibo-
dies against acetyl-lysine were purchased from Cell Signaling 
Technology (Danvers, MA, USA). KHG26377 was synthesized 
as described previously (22).

Animal experiments
Three-month-old C57BL/6 mice (Harlan Sprague Dawley, 
Indianapolis, IN, USA) were housed in a pathogen-free facility 
under an approximate 12-h light/dark cycle with ad libitum ac-
cess to food and water. The study was reviewed and approved 
by the Institutional Animal Care and Use Committee (IACUC) 
of Asan Institute for Life Sciences, Asan Medical Center, which 
abides by the Institute of Laboratory Animal Resources (ILAR) 
guide. Mice were injected intraperitoneally with different 
doses of KHG26377. After 10 days, mice were sacrificed and 
organs were harvested and homogenized. Mitochondrial ex-
tracts were prepared by a modification of a previous method 
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(7). Islets were isolated from the pancreas by standard collage-
nase digestion and separated from the pancreas by cen-
trifugation on a Ficoll gradient. Only islets that were un-
damaged and completely free of acinar and connective tissue 
were used. In experiments, isolated islets were cultured for 1 h 
in RPMI 1640 medium containing 10% fetal calf serum, 2 mM 
L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin 
in an atmosphere of humidified 95% air and 5% CO2 at 37oC. 
Insulin secretion was stimulated by incubating islets in 
Krebs-Ringer bicarbonate solution (118 mM NaCl, 4.7 mM 
KCl, 2.5 mM CaCl2, 1.18 mM potassium phosphate, 1.16 mM 
magnesium sulfate, and 25 mM NaHCO3, pH 7.4) containing 
different concentrations of glucose in the absence and pres-
ence of KHG26377 (1 mg) at 37oC for 1-2 h. Total islet insulin 
was measured in islets treated with ethanol overnight at −20oC. 
GDH activity was measured spectrophotometrically in both 
the direction of reductive amination of 2-oxoglutarate and in 
the direction of oxidative deamination of glutamate (23). For 
kinetic studies, Km and Vmax were calculated by linear re-
gression of double-reciprocal plots and are expressed with 
standard errors.

ADP-ribosylation of GDH
Isolated pancreatic islets from control and KHG26377-treated 
mice were lysed in 0.1 ml of PRO-PREP protein extraction sol-
ution, and the lysate was incubated on ice with intermittent 
vortexing, followed by centrifugation at 14,000 rpm for 15 min 
at 4oC. The crude extracts from each group were diluted with 
loading buffer, boiled, and loaded onto 12% sodium dodecyl 
sulfate-polyacrylamide gels. Samples were electrophoresed and 
then transferred to a nitrocellulose membrane for Western blot-
ting using monoclonal antibodies against GDH and SIRT4.
　ADP-ribosylation of GDH was investigated with and without 
KHG26377 (10 μM and 50 μM), as described previously (25), 
by incubating 1 μg of recombinant SIRT4 with bovine brain 
GDH in 0.1 mM NAD+, 50 mM MOPS-KOH (pH 7.5), 10 mM 
DTT, and 2 mM EDTA at 30oC. After incubation at 30oC for 
the indicated times, aliquots were withdrawn for measurement 
of remaining GDH activity, as described above. Non-enzy-
matic ADP-ribosylation was studied under the same conditions 
using ADP-ribose instead of NAD+. For the analysis of ADP-ri-
bosylated GDH, 0.1 mM [32P]NAD+ (10 μCi/ml) was used in-
stead of NAD+ and the reaction was stopped at the indicated 
times by acetone precipitation. The pellets were analyzed by 
Western blotting using anti-GDH antibodies, and in-
corporation of radiolabel into GDH was analyzed by auto-
radiography and densitometry.

Deacetylation of GDH
Pancreatic mitochondrial lysates were lysed for 30 min at 4oC 
in ice-cold NP-40 buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 
1% NP-40) containing complete EDTA-free protease inhibitors 
(Roche Molecular Biochemicals, Indianapolis, IN, USA) and 1 
mM DTT. The lysate was clarified by centrifugation for 15 min 

at 4oC at 14,000 rpm in a tabletop centrifuge and immunopre-
cipitated with resin-conjugated anti-GDH. Immunoprecipitates 
were washed and incubated at 4°C for 3 h with primary an-
ti-acetyl-lysine antibodies, for detection of acetylated GDH 
(Ac-GDH), and with anti-GDH antibodies, for detection total 
GDH (t-GDH). After washing three times in NP1 buffer (1% 
NP-40, 300 mM NaCl, 0.5 mM EDTA, 50 mM Tris-HCl, pH 
7.4), immunoprecipitates were analyzed by Western blotting. 
Pancreatic mitochondrial lysates were also probed for SIRT3 
by immunoblotting with anti-SIRT3 antibodies.
　For the measurement of deacetylation of GDH by SIRT3, the 
acetylated GDH obtained from each group was bound to 
96-well microliter plates by incubating at 4°C overnight. After 
washing with TBST (50 mM Tris [pH 7.4], 150 mM NaCl, and 
0.1% Tween-20), plates were incubated for 1 h at room tem-
perature with blocking buffer (TBST buffer containing 3% pow-
dered skim milk). Plates were washed with TBST and Tris-buf-
fered saline, and incubated with varying amounts of recombi-
nant SIRT3 and 0.5 mM NAD+ at 37oC for 45 min. The plates 
were washed again with TBST and Tris-buffered saline. 
Acetylated lysines were detected by adding a polyclonal an-
ti-acetyl lysine antibody (1：1,000 dilution) and incubating for 
2 h at room temperature. After washing with TBST, aliquots 
were withdrawn for the detection of remaining acetylated ly-
sines with horseradish-peroxidase-conjugated anti-rabbit IgG 
and 3,3',5,5'-tetramethylbenzidine. After 5 min, the reaction 
was stopped with 1 M H2SO4 and optical density at 450 nm 
was measured with a microplate reader. For each aliquot, 
GDH activity was also measured as described above.

Statistical analysis
Statistical analyses were performed using Student’s t-test or, 
where applicable, ANOVA followed by Student’s t-test. Unless 
otherwise specified, each experimental point represents the 
mean of triplicate determinations on separate preparations, 
and standard deviations are indicated by error bars in each 
figure.
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