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The mechanism of insulin dysregulation in children with
hyperinsulinism associated with inactivating mutations of
short-chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD) was
examined inmice with a knock-out of the hadh gene (hadh�/�).
The hadh�/� mice had reduced levels of plasma glucose and
elevated plasma insulin levels, similar to children with SCHAD
deficiency.hadh�/�micewerehypersensitive to oral amino acid
with decrease of glucose level and elevation of insulin. Hyper-
sensitivity to oral amino acid in hadh�/� mice can be explained
by abnormal insulin responses to a physiological mixture of
amino acids and increased sensitivity to leucine stimulation in
isolated perifused islets. Measurement of cytosolic calcium
showed normal basal levels and abnormal responses to amino
acids in hadh�/� islets. Leucine, glutamine, and alanine are
responsible for amino acid hypersensitivity in islets. hadh�/�

islets have lower intracellular glutamate and aspartate levels,
and this decrease can be prevented by high glucose. hadh�/�

islets also have increased [U-14C]glutamine oxidation. In con-
trast, hadh�/� mice have similar glucose tolerance and insulin
sensitivity compared with controls. Perifused hadh�/� islets
showed no differences from controls in response to glucose-
stimulated insulin secretion, even with addition of either a
medium-chain fatty acid (octanoate) or a long-chain fatty acid
(palmitate). Pull-downexperimentswithSCHAD, anti-SCHAD,
or anti-GDH antibodies showed protein-protein interactions

between SCHAD and GDH. GDH enzyme kinetics of hadh�/�

islets showed an increase in GDH affinity for its substrate,�-ke-
toglutarate. These studies indicate that SCHAD deficiency
causes hyperinsulinism by activation of GDH via loss of inhibi-
tory regulation of GDH by SCHAD.

Congenital hyperinsulinism is the most common cause of
persistent hypoglycemia in infants and children (1). Six genetic
loci have been associated with the disorder. Themost common
of these disorders are due to inactivating mutations of the sul-
fonylurea receptor 1 (SUR1)2 and Kir6.2 subunits of the �-cell
ATP-dependent potassium (KATP) channel or to activating
mutations of glutamate dehydrogenase (GDH) and glucoki-
nase. Recently, several children have been described with a
recessively inherited form of hyperinsulinism that is associated
with deficiency of a mitochondrial fatty acid �-oxidation
enzyme, short-chain 3-hydroxyacyl-CoA dehydrogenase
(SCHAD) encoded by the HADH gene on 4q (2–4). SCHAD
catalyzes the third step in the�-oxidation cycle formediumand
short-chain 3-hydroxy fatty acyl-CoAs. Children afflicted with
SCHAD deficiency have recurrent episodes of hypoglycemia
that can be prevented by treatment with diazoxide (2, 3) and
also have characteristic accumulations of fatty acidmetabolites,
including plasma 3-hydroxybutyrylcarnitine and urinary 3-hy-
droxyglutaric acid (2, 3). This form of abnormal insulin regula-
tion is unique, because other genetic disorders of mitochon-
drial fatty acid oxidation do not cause hyperinsulinism (5). In
addition, the genetic defect in SCHADdeficiency is expected to
impair, rather than increase, the production ofATP,whichnor-
mally serves as the triggering signal for insulin release. An
important clue to the mechanism of insulin dysregulation in
SCHAD deficiency has been recently provided by the report
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that affected children are sensitive to protein-induced hypogly-
cemia (6).
Elucidating the mechanism of insulin dysregulation and,

especially, the cause of the hypersensitivity to protein-induced
hypoglycemia in SCHAD deficiency may provide important
insight into the regulation of insulin secretion in normal indi-
viduals. The present report describes studies of a mouse model
of SCHAD deficiency that was developed by ablation of the
mouse hadh gene. The results suggest that the dysregulation of
insulin secretion associatedwith SCHADdeficiency is due to an
activation of GDH enzyme activity, reflecting the loss of an
inhibitory protein-protein interaction of SCHAD upon GDH,
which has not previously been recognized.

EXPERIMENTAL PROCEDURES

SCHAD (hadh) Gene Targeting—hadh�/� mice were gener-
ated by homologous recombination in R1 mouse embryonic
stem (ES) cells. Genomic DNA corresponding to the Sv129/J
mouse hadh gene was isolated in overlapping bacteriophage
lambda clones (Stratagene) and a P1 clone (Incyte Genomics,
Palo Alto, CA), and the nucleotide sequences of the exons and
flanking intronic sequences were determined. The knock-out
targeting vector was constructed in the pPNT vector. A 4.2-kb
fragment from immediately upstream of exon 1 and a 0.8-kb
PstI fragment from downstream of exon 1 of the hadh gene
were used to flank the neomycin resistance cassette in the tar-
geting construct. The linearized targeting construct was elec-
troporated into R1 ES cells, and the ES cells were subjected to
positive and negative selection with G418 (250 �g/ml, Invitro-
gen) and 2-deoxy-2-fluoro-�-D-arabinofuranosyl)-5-iodoura-
cil, respectively. Ninety-five clones survived selection and were
subsequently screened by a PCR assay to identify homologous
recombinants (primer sequences and PCR conditions are
available upon request). One homologous recombinant was
detected and confirmed by Southern blotting. The clonal hadh
knock-out ES cell line was injected into C57/BL6 blastocysts
followed by implantation into pseudo-pregnant female mice to
generate chimeras. High percentage (�80%) male chimeras
were bred to NIH Black Swiss females to generate hadh�/�

heterozygotes.
Mouse Breeding and Genotyping—Deletion of hadh did not

affect intrauterine or post-natal growth or survival. Knock-out
and control mice had similar body weights and growth rates
(data not shown). Mouse genotyping was performed by PCR:
the primer sequences were 5�-CAC TGAGCTATGGCGTTC
GTG AAC A-3� and 5�-TCT GCA ACT TTG CAC GCA CAA
CTG TGT-3� for hadh�/�, and 5�-AAT CAGCAG TGAGAG
AGC CAC AGG CAA-3� and 5�-TGC TAA AGC GCA TGC
TCA CAG ACT GC-3� for hadh�/�. The PCR assay generated
products of 359 bp for the wild-type hadh allele and 800 bp for
the hadh knock-out allele.
RT-PCR and Western Blot Analysis—For RT-PCR analysis,

total RNA was isolated from fresh tissue, including pancreatic
islets, liver, kidney, and brain using TRIzol (Invitrogen). cDNA
was generated by reverse transcription using a Superscript First
Strand Kit (Invitrogen). The sequences of primers for PCR
amplification of hadh and GAPDHmRNA were: for hadh-for-
ward, 5�-CCACCAGACAAGACCGAT-3�; for hadh-reverse,

5�-TCA ATG AGG TAT GGC ACC AA-3�; for GAPDH-for-
ward, AAC TTT GGC ATT GTG GAA GG-3�; and for
GAPDH-reverse,GGATGCAGGGATGATGTTCT-3�. PCR
products of 208 bp for hadh and 132 bp for GAPDH were
generated.
Western blots were performed on whole tissue protein

extracts (pancreatic islets, liver, kidney, and brain) to detect
SCHAD. Briefly,�100mg of freshly harvested tissue (liver, kid-
ney, and brain) was washed with PBS and homogenized in PBS
plus 1%Triton. A total 15�g of protein, including fresh isolated
islets, was loaded in each lane of 10% SDS-PAGEmini-gels and
after electrophoresis proteinswere transferred to nitrocellulose
membranes. A chicken polyclonal anti-SCHAD antibody
(Abcam, Cambridge, MA), and a rabbit anti-actin antibody
(Sigma) were used as the primary antibodies; a goat polyclonal
anti-chicken IgY horseradish peroxidase conjugate (Abcam)
and a donkey anti-rabbit IgG- Horseradish peroxidase conju-
gate (Amersham Biosciences) were used as the secondary anti-
bodies. Membranes were blocked and incubated with antibody
in 5% milk in PBS-Tris buffer and washed in PBS-Tris plus
0.02% Tween 20. Antibody-protein complexes were detected
with the ECL reagent (Amersham Biosciences). As shown in
Fig. 1 (A–C), hadh gene, hadh cDNA, and SCHADproteinwere
successfully deleted.
SCHAD and GDH Gene Expression—Total RNA were iso-

lated from islets, liver, and kidney using the TRIzol (Invitrogen)
method. For the reverse transcription reaction, a 40-�l PCR
reaction efficiently converts 1.0 �g of total RNA to cDNA
(Invitrogen). The sequences of primers were as indicated:
for SCHAD-forward: CCA CCAGACAAGACCGAT TT; for
SCHAD-reverse: TCA ATG AGG TAT GGC ACC AA; for
GDH-forward: CTATGGAGCTGGCCAAGAAG; forGDH-
reverse: CCT ATG GTG CTG GCA TAG GT; for GAPDH-
forward: AAC TTT GGC ATT GTG GAA GG; and for
GAPDH-reverse: GGA TGCAGGGATGATGTTCT. Quan-
titative Real-Time PCR (Applied Biosystems SYBRGreenMas-
terMixKit) was carried out in low reaction volumes in 384-well
plates using 7.5 �l of 2� SYBR Green master mix, 0.2 �l of
primer (10 �M), 1 �l of cDNA, and water added to bring the
final volume of 15�l. Thermal cycle conditionwere: at 50 °C for
2 min, at 95 °C for 10min, followed by 40 cycles at 95 °C for 15 s
and at 60 °C for 1 min. Experiments were performed with the
7900HT sequence detection system (Applied Biosystems).
Islets mRNA level were calculated using GAPDH as standard
and internal controls.
Islet Immunohistochemistry—8- to 12-week-old hadh�/�

and hadh�/� male mice were anesthetized and transcardially
perfused with 10 ml of saline, followed by 50 ml of fixative
containing 4% paraformaldehyde and 0.125% glutaraldehyde.
The slices of pancreas were treated with amixture of 1% bovine
serum albumin, 5% normal goat serum, and 0.3% Triton X-100
in 0.01 M phosphate buffer (PBS, pH 7.4) for 60 min at room
temperature before incubation with a goat anti-glucagon
antibody (1:500 in PBS, Santa Cruz Biotechnology) and
guinea pig anti-insulin antibody (1:500 in PBS) for 90 min at
room temperature and then overnight at 4 °C. The slices
were subsequently incubated with Alexa Fluor 594-conju-
gated donkey anti-goat IgG (Molecular Probes) and Cy2-
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conjugated donkey anti-guinea pig IgG (Jackson Laborato-
ries). Both secondary antibodies were diluted at 1:250 in PBS,
containing Hoechst (a nuclear dye). Confocal images were
acquired under an Olympus Fluoview 1000 System (Olym-
pus) at a step of 0.5 �m on the Z-axis. Consistent confocal
settings were optimized and remained unchanged during the
imaging of both hadh�/� and hadh�/� slices.
Oral Amino Acid Tolerance Test, Oral Glucose Tolerance

Test, and Insulin Tolerance Test—All experiments were carried
out inmalemice, aged 10–12 weeks. Oral amino acid tolerance
tests were performed on 2-h fasted mice using an amino acid
mixture (composition described previously (7)), which was
administered via oral gavage with a dose of 1.5 g/kg of body
weight. Oral glucose tolerance tests were performed on 24-h
fasted mice using 2g/kg of glucose via oral gavage. Insulin tol-
erance tests were performed on 2-h fasted mice using human
insulin (1 unit/kg, intraperitoneally). Blood samples were taken
from the tail at the indicated times. Plasma glucose concentra-
tions were measured using a Freestyle flash glucose meter, and
insulin was measured using an ELISA kit (ALPCO).
Metabolite Assays—Acylcarnitine species were analyzed in

mouse plasma as butylated derivatives using flow injection tan-
demmass spectrometry that has been validated for clinical use
in humans (8). Data collection was performed in a multiple
reaction monitoring system using the parent ions of the frag-
ment with m/z 85 as reference. Quantitation of acylcarnitine
was achieved using a series of stable-isotope-labeled internal
standards (8). Urine organic acids were analyzed by gas chro-
matography/mass spectrometry as trimethylsilyl derivatives
with full scan data collection for positive peak identification.
This assay is also validated for clinical use in humans (9). Plasma
3-hydroxy fatty acids were measured using stable isotope dilu-
tion gas chromatography/mass spectrometry (10).
Mouse Islet Isolation, Insulin Secretion, and Cytosolic Ca2�

Measurements—Isolation of pancreatic islets, perifusion, and
insulin assays were carried out as previously described (11). In
brief, islets were isolated by collagenase digestion and cultured
with 10 mM glucose in RPMI 1640 medium (Sigma) for 3–4
days. Islets were perifused in a Krebs-Ringer bicarbonate buffer
with 0.25%BSAat a flow rate of 2ml/min. Insulinwasmeasured
by radioimmunoassay. [Ca2�]i was measured by dual wave-
length fluorescence microscopy using a Zeiss AxioVision sys-
tem as described previously (7).
ATP, ATP/ADP Ratio, and Intracellular Amino Acid

Measurements—Batches of 100 isolated cultured islets were
preincubated with Krebs-Ringer bicarbonate buffer for 60 min
and then incubated with glucose-free buffer as basal; with glu-
tamine/leucine (2/0.46 mM) in combination with or without
additional 1.25mM alanine andwith 12mM amino acidmixture
(AAM)with orwithout 25mMglucose and 25mMglucose alone
for another 60 min. Measurements of ATP, ATP/ADP ratio,
intracellular amino acids, and insulin and glucagon releasewere
described previously (12).
[U-14C]GlutamineOxidation—[U-14C]glutamine (NEN-Life

Science Products, UK) oxidation was measured in cultured
islets as described previously (13, 14).
GDH and SCHAD Enzyme Activity—Tissue (freshly isolated

islets, liver, and kidney) was homogenized in phosphate buffer

(5mMNa2HPO4, 5mMK2HPO4, 1mMEDTA, 1%TritonX-100,
pH 7.4). GDH and SCHAD activities were assayed spectropho-
tometrically at 340 nm by monitoring oxidation of NADH (11,
15, 16) in a 384-well plate format in a 25-�l reaction volume
using a SpectraMax M5 (Molecular Devices). Because of lim-
ited tissue, studies of islet GDH kinetics were carried out in the
presence of either maximal (100 �M) or submaximal stimula-
tory (10 �M for Km) concentrations of ADP. Km and Vmax for
�-ketoglutarate were calculated by using GraphPad Prism. For
His-SCHAD/GDH mixing experiments, the molar concentra-
tion of GDH in liver was estimated from the maximal ADP-
stimulated activity, using bovine GDH (Sigma) as a standard.
Different amounts of His-SCHAD were added to the homoge-
nate prior to assays of GDH kinetics.
Immunoprecipitation byAnti-SCHADAntibody—Fresh liver

mitochondria from both hadh�/� and hadh�/� mice were iso-
lated using aMitochondria Isolation Kit (Qiagen). Sample sizes
of 60 mg per preparation were found to be optimal. All steps
were performed at 4 °C.Mitochondria pellets were lysed in PBS
with 1%Triton, and the protein concentrationwas adjusted to 5
�g/�l. Immunoprecipitation was performed using the Seize
Primary Mammalian Immunoprecipitation Kit (Pierce).
Briefly, 100 �g of affinity-purified anti-SCHAD antibody
(Abcam) was bound to AminoLink Plus Coupling Gel (200 �l
of pre-washed 50% gel slurry). The antibody-coupled gel was
thoroughly washed and divided into two columns. Mito-
chondrial extracts were mixed 1:1 with PBS to a volume of
400 �l (1 mg protein) and then added to the antibody-cou-
pled gel. After incubation with gentle mixing for 16 h at 4 °C,
the gel was washed with PBS-Tris buffer and the immuno-
precipitated antigen was eluted in elution buffer. Western
blot analysis was performed using a rabbit polyclonal anti-
GDH antibody (Abcam).
His-SCHAD Pulldown Assay—Recombinant His-tagged

SCHAD protein was expressed in Escherichia coli using the
pET 20 (b�) expression vector containing a full-length mouse
hadh cDNA and a C-terminal His Tag (Novagen). The His-
tagged SCHAD protein was purified using Ni-His Columns
(Novagen) by standard methods. Protein pulldown experi-
ments were performed using an Aminolink Plus Immobiliza-
tion Kit (Pierce). Briefly, His-tagged SCHAD protein was
covalently cross-linked to the Aminolink agarose resin. Liver
tissue (0.5 g wet weight) from hadh�/� and hadh�/� mice was
homogenized using 20 volumes of mammalian protein extrac-
tion reagent (M-PER, Pierce) and centrifuged at 2000� g for 10
min. The supernatant was mixed with an equal volume of
M-PER binding buffer and incubated with the SCHAD-linked
amino link resin at 4 °C overnight. The resin was centrifuged
(2000 � g) after incubation and washed with (0.5 ml, M-PER)
washing buffer, and bound proteins were eluted with 200 �l of
M-PER elution buffer. Western blot analysis of the eluted pro-
teins was performed, and the blot was probed with a polyclonal
anti-GDH antibody.
Proteomic Analysis of Pulldown Proteins by Recombinant

SCHAD Protein—Mass spectrometry analysis of the protein
complexes from the pulldown assay using His-tagged SCHAD
proteinwas performed at the protein core facility of theDepart-
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ment of Pathology & Laboratory Medicine at the University of
Pennsylvania. The protein complex was digested with trypsin
followed by tandemmass spectrometric analysis of the peptide
sequences. Identified sequences were matched to the proteins
using Scaffold protein identification software v 2.0.
Immunoprecipitation by Anti-GDH Antibody—200 �l of a

50% suspension of protein A beads (Invitrogen) and 200 �l of
Rabbit anti-GDHantibody (Rockland)were incubated for 2 h at
room temperature by gently mixing, then washed 5 times with

400 �l of PBS-T buffer. Islets from
hadh�/� and hadh�/� mice were
homogenized using PBS buffer plus
1% Triton. 1 mg (400 �l) of islets
lysates protein was then incubated
at 4 °C overnight with protein A
beads bound with anti-GDH anti-
body. After washing 5 times with
PBS-T buffer, the samples were
eluted with elution buffer (Pierce).
SCHAD protein was detected by
Western blot using anti-SCHAD
antibody.
Materials—All chemicals were

from Sigma except as otherwise
indicated.
Data Analysis—All the data are

presented as mean � S.E. Student t
test was performed when two
groups were compared. Repeated
measures of analysis of variance
were performed when multigroups
were compared. Differences were
considered significant for p � 0.05.

RESULTS

hadh Gene and SCHAD Protein
Deletion—As shown in Fig. 1 (A–C),
hadh gene, hadh cDNA, and
SCHAD protein were successfully
deleted in all tissues, including liver,
kidney, brain, and isolated pancre-
atic islets.
In VivoMetabolite Changes Result-

ing from SCHAD Deletion—As
shown in Table 1, hadh�/� mice
showed abnormalities of plasma
and urinary metabolites similar to
those found in children with
SCHAD deficiency. In the fed state,
there was a 4-fold elevation of
plasma 3-hydroxybutyrylcarnitine
in hadh�/� mice compared with
controls, similar to values reported
in children with SCHAD deficiency
(2, 3). The remaining profile of acyl-
carnitines fromC2 toC18was indis-
tinguishable from normal (data not
shown). After 24 h of fasting, levels

of 3-hydroxybutyrylcarnitine increased in control, but not in
hadh�/� mice, although levels remained higher in hadh�/�

mice. 24 h of fasting also resulted in increased plasma 3-hy-
droxy-fatty acids of C6 and C8 species in hadh�/� mice.
3-Hydroxy-fatty acids of chain lengths C10 to C18 were indis-
tinguishable from normal (data not shown). Urine from
hadh�/� mice had increased excretion of 3-hydroxyglutarate,
which has been reported in affected SCHAD-deficient children,
and also of glutaconic acid, which is an unstable metabolite

FIGURE 1. Knock-out of hadh gene in mice and islet immunohistochemistry. Genetic ablation of hadh was
confirmed by PCR from mouse DNA (A). Analysis of mRNA expression by RT-PCR (B) and Western blot analysis
of protein extracts (C) from multiple mouse tissues provided further evidence of hadh gene deletion. D shows
islet immunohistochemistry, and islets from hadh�/� (a and b) and �/� (c and d) are shown. Insulin is stained
green, glucagon is red, and nuclear is blue.
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derived from glutaconyl-CoA, an intermediate of glutaryl-CoA
reduction. This has not been previously detected in affected
children but is seen in some patients with glutaryl-CoA dehy-
drogenase deficiency (17).
Pancreatic histology in the hadh�/� mice showed abnormal-

ities similar to that of SUR1 knock-out (SUR1�/�) islets; i.e.

glucagon-staining �-cells were dis-
tributed throughout the islet, rather
than being restricted to the outer
margin (Fig. 1D). Glucagon content
was comparable in hadh�/� versus
hadh�/� islets (2.6 � 0.6 versus
2.4 � 0.8 ng/�g islets protein, n �
10, p 	 0.05).
Amino Acid, Glucose, and Insulin

Sensitivity in Vivo—Because hyper-
sensitivity to amino acid stimula-
tion of insulin release has been
reported to be part of the phenotype
of children with SCHAD deficiency
(6), we examined responses of
hadh�/� mice to an amino acid
challenge in vivo. As shown in Fig. 2,
A and B, after 2 h of fasting, basal
glucose was significantly lower and
basal insulin significantly elevated
in hadh�/� mice. Following oral
amino acid stimulation, there were
significant decreases in glucose and
increases in plasma insulin in the
hadh�/� mice, whereas there were
no significant changes in glucose or
insulin levels in control mice. This
observation is consistent with the
observation of protein-sensitive
hypoglycemia in children with
SCHAD deficiency.
As shown in Fig. 2C, hadh�/�

mice also demonstrated lower
plasma glucose levels than controls
after 24-h fasting. An oral glucose
tolerance test in these 24-h fasted
mice demonstrated no difference in
glycemic responses between knock-
out and controls (areas under the
curve using basal glucose level as
baseline were similar: �/�:
10545 � 1036 versus �/�: 12200 �

1587, p 	 0.05). The increases in plasma insulin following oral
glucose (Fig. 2D) were also similar, despite the fact that fasting
glucose levels in �/� mice were significantly lower and insulin
levelswere significantly higher than in controls (areas under the
curve similar using basal level as baseline, �/�: 77 � 22 versus
�/�: 75 � 21, p 	 0.05).

FIGURE 2. Effect of hadh deletion on glucose homeostasis in vivo: oral amino acid and glucose tolerance
test and insulin sensitivity. A and B, plasma glucose and insulin responses to an oral mixture of amino acids
in 2-h fasted hadh�/� (diamonds, red, n � 16) and hadh�/� (circles, blue, n � 16) mice. C and D, plasma glucose
and insulin responses to oral glucose tolerance test in 24-h fasted hadh�/� (diamonds, red, n � 19) and hadh�/�

(circles, blue, n � 9) mice. E, insulin/glucose ratio calculated base on 2- and 24-h fasted �/� (red bar) and �/�
mice (blue bar), and at the time of 30 min after either challenged by oral amino acid or glucose. F, insulin
tolerance test in 2-h fasted hadh�/� and hadh�/� mice (n � 12 for both). Compared with �/� mice; *, p � 0.01;
#, p � 0.05; compared with time 0; a, p � 0.01; b, p � 0.05. Results are presented as means � S.E.

TABLE 1

Metabolites in hadh�/� mice

Metabolites Conditions/Species hadh�/� hadh�/�

Plasma 3-OH-butyrylcarnitine (�M, n � 3) Fed 0.61 � 0.08a 0.16 � 0.02
24 h fasted 0.43 � 0.08 0.27 � 0.03

Plasma 3-OH-fatty acids (�M, n � 6, 24-h fasted) C6 2.4 � 0.4a 0.8 � 0.1
C8 0.6 � 0.1a 0.3 � 0.0

Urine organic acids (mmol/mol creatinine, 24-h fasted, n � 3) 3-Hydroxyglutarate 34 � 8 NDb

Glutaconate 34 � 17 ND
a p � 0.01 versus hadh�/�.
b ND, non-detectable.

Insulin Dysregulation in hadh Knockout Mice

31810 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 41 • OCTOBER 8, 2010



As shown in Fig. 2E, the insulin/glucose ratios in hadh�/�

mice were significantly higher in both the 2-h and 24-h fasted
conditions. After oral amino acid challenge, the elevated insu-
lin/glucose ratio increased even further in�/�mice, but not in
controls. In contrast, glucose administration partially corrected
the inappropriately elevated insulin/glucose ratio in�/�mice.
The degree of fasting hypoglycemia in hadh�/� mice was more
severe than that of SUR1�/� mice, but not as severe as in RIP
H545Y huGDH gain of function transgenic mice (12, 18).
Female hadh�/� mice had fasting and non-fasting hypoglyce-
mia similar to male mice (data not shown).
As shown in Fig. 2F, there was no evidence of increased insu-

lin sensitivity in 2-h fasted hadh�/� compared with hadh�/�

mice. The slopes of the decrease in glucose levels in the insulin
tolerance test were similar (�/� versus �/�, �1.27 � 0.02
versus�1.28� 0.02, p	 0.05). The knock-outmice had a faster
recovery rate (slopes from 60 to 120 min were 0.49 � 0.03 for
�/� and 0.26 � 0.02 for �/�, p � 0.01), indicating that the
counter-regulatory hormone secretion in response to hypogly-
cemia was not impaired in hadh�/� mice.
Amino Acid-stimulated Insulin Secretion and Leucine-stim-

ulated Insulin Secretion and Cytosolic Calcium ([Ca2�]i)
Responses in Isolated Islets—To investigate the mechanism of
insulin dysregulation and hypersensitivity to amino acids in
hadh�/� mice, we first examined insulin responses of isolated
cultured islets to stimulation by a mixture of amino acids. As

shown in Fig. 3A, islets from
hadh�/� mice showed dramatic
sensitivity to ramp stimulation with
an AAM, whereas both hadh�/�

and hadh�/� islets (data not shown)
had no response. The threshold for
amino acid-stimulated insulin
secretion in hadh�/� islets was 2.64
mM, which is less sensitive than we
previously found in transgenic islets
expressing the human H454Y
GDH-activating mutation (1.68
mM) (12). As shown in Fig. 3B, in the
presence of 2 mM glutamine,
hadh�/� islets had a lower thresh-
old (1.5 versus 3 mM) and increased
maximum for leucine stimulation of
insulin secretion compared with
�/� islets, suggesting an increased
sensitivity of GDH to allosteric acti-
vation by leucine.
Hypersensitivity to amino acid-

stimulated insulin secretion also
occurs in the SUR�/� mouse model
of hyperinsulinism, but not through
leucine stimulation of GDH.
Instead, it reflects a specific effect of
glutamine to amplify insulin release
in the presence of the elevated levels
of cytosolic [Ca2�]i resulting from
the absence of KATP channel activity
(7). Fig. 3C shows that, unlike

SUR1�/� islets, hadh�/� islets had normal basal levels of cyto-
solic [Ca2�]i. However, the hadh�/� islets were very sensitive
to stimulation of [Ca2�]i by a mixture of amino acids (3.5 mM

AAM plus 0.5 mM glutamine) (Fig. 3C); in control islets, in
contrast, an AAM stimulated [Ca2�]i to rise only when GDH
had been activated by pre-exposure to 10 mM 2-amino-2-nor-
bornanecarboxylic acid, a non-metabolizable leucine analogue
(Fig. 3D).
The Role of Leucine, Glutamine, and Alanine on Insulin

Secretion—The above data suggested that increased sensitivity
to leucine and amino acid-stimulated insulin secretion in
hadh�/� islets involved activation of GDH. As shown in Fig.
4A, [U-14C]glutamine oxidation was increased 2-fold in
hadh�/� islets, providing further evidence of increased GDH
activity. However, hadh�/� islets showed no insulin response
to stimulation with glutamine alone (data not shown). This dif-
fered from the brisk response to glutamine we previously
observed in the mouse model of GDH hyperinsulinism using
transgenic islets expressing the H454Y huGDH-activating
mutation (12). To investigate why the complete amino acid
mixture was more potent than glutamine alone to stimulate
insulin secretion in hadh�/� islets, we performed further
experiments with combinations of individual amino acids. As
shown in Fig. 4B, when glutamine was removed from the total
mixture of amino acids, insulin secretion was decreased by 90%
in hadh�/� islets, indicating that glutaminolysis played an

FIGURE 3. Effect of hadh deletion on amino acid-stimulated insulin secretion and [Ca2�]i changes in
isolated islets. A and B, isolated islets from hadh�/� (diamonds, red) and hadh�/� (circles, blue) mice were
cultured with 10 mM glucose for 3 days and then perifused with an amino acid mixture ramp (0 –12 mM, 0.24
mM/min, A) or a leucine ramp (0 –25 mM, 0.5 mM/min, B) in the presence of 2 mM glutamine. Finally islets were
exposed to 30 mM KCl. Results are presented as mean � S.E. from three separate perifusions. C and D, [Ca2�]i
was continually measured by Fura-2 fluorescence in cultured islets in response to a 4.0 mM mixture of amino
acids in hadh�/� (C) and hadh�/� islets (D, in the absence of 2-amino-2-norbornanecarboxylic acid, dark blue
line, or the presence of 10 mM 2-amino-2-norbornanecarboxylic acid, light blue line). Results are presented as
mean � S.E. from 3– 6 separate perifusions.
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important role in the response to the amino acid mixture.
When glutamine and leucine were both removed from the
amino acidmixture, hadh�/� islets were completely unrespon-
sive, indicating that GDH activation by leucine was essential to
the release of insulin (Fig. 4B). The response to a ramp combin-
ing glutamine (2 mM) plus leucine (0.46 mM) in the same con-
centrations as in the amino acid mixture was only 40% of that
previously observedwith the complete amino acidmixture (Fig.
3A). With addition of alanine to the glutamine/leucine combi-
nation (maximum concentration, 1.25 mM), the insulin
response became equal to that obtained with the complete
19-amino acidmixture, indicating that the other 16 amino acids
did not contribution to insulin release. The additive effect of
alanine could not be reproduced by addition of 1.25 mM meth-
ylpyruvate, monomethylsuccinate, �-ketoisocaproate, or ace-
tylcarnitine (data not shown).
As shown in Fig. 4C, measurements of [Ca2�]i in �/� islets

indicated that addition of alanine (1.25 mM) also enhanced the
calcium response to the combination of glutamine plus leucine
(2 and 0.46 mM). This additive effect of alanine was not due to
formation of additional glutamate for the GDH reaction via
transamination, because increasing the glutamine concentra-
tion of the glutamine/leucinemixture by an additional 1.25mM

was not as effective as alanine (data not shown). The alanine
effect was partially reproduced by addition of 4 mM glucose,

which suggests that providing addi-
tional pyruvate from either glucose
or alanine was potentiating gluta-
mine oxidation. Addition of alanine
to glutamine/leucine stimulation of
H545Y huGDH transgenic islets
(12) had no effect on [Ca2�]i (Fig.
4D), suggesting that glutaminolysis
is already maximal in these islets.
GSIS and [Ca2�]i Responses—Be-

cause the in vivo data revealed no
evidence of abnormal insulin
responses to glucose stimulation in
hadh�/�mice, we further examined
glucose-stimulated insulin secre-
tion (GSIS) in perifused islets.
Unlike the hypersensitivity of �/�
islets to amino acid-stimulated
insulin secretion, there were no dif-
ferences between hadh�/� and
hadh�/� islets in response to a glu-
cose ramp stimulation (Fig. 5A).
Addition of a medium-chain fatty
acid, 1 mM octanoate, potentiated
GSIS equally in�/� and�/� islets.
Addition of a long-chain fatty acid,
0.25 mM palmitate, had a slight
inhibitory effect on GSIS, that was
identical in �/� and �/� islets
(Fig. 5B). As shown in Fig. 5C,
hadh�/� and hadh�/� islets
showed similar basal cytosolic cal-
cium ([Ca2�]i). The [Ca2�]i

responses to 10 mM glucose stimulation after a short period of
islet rundown were also similar. However, after prolonged run-
down, hadh�/� islets demonstrated an absence of the normal
transient dip in [Ca2�]i (19), resulting in an earlier rise in
[Ca2�]i following glucose stimulation. These changes in [Ca2�]i
dynamics suggested that deletion of the SCHADprotein caused
an increase in basal islet metabolism, albeit insufficient to have
a major effect on GSIS.
Amino Acid and Glucose Metabolism and Amino Acid Pro-

files in hadh�/� Isolated Islets—To further examine the appar-
ent activation ofGDHactivity in hadh�/� islets, we determined
the effects of glucose and amino acids on intracellular amino
acid levels and insulin responses in batch-incubated hadh�/�

and hadh�/� islets. In the absence of glucose, basal islet ATP
content was elevated, and there was a trend toward increased
ATP/ADP ratio in �/� islets, consistent with an increase in
basal amino acid oxidation as a result of GDH activation. Con-
sistent with this observation, �/� islets had significantly lower
aspartate and glutamate levels than controls under glucose-free
conditions. This apparent increase in amino acid oxidation
under basal conditions was insufficient to stimulate insulin
release. A combination of glutamine and a low concentration of
leucine stimulated insulin secretion in hadh�/� but not in con-
trol islets. Under this condition also, the hadh�/� islets had
significantly lower levels of aspartate, and the sum of alanine,

FIGURE 4. [U-14C]glutamine oxidation and the effect of leucine/glutamine/alanine on insulin secretion
and [Ca2�]i. A, [U-14C]glutamine oxidation (2 mM) was measured in isolated cultured islets from hadh�/� (red
bar) and hadh�/� (blue bar) mice (mean � S.E., n � 5). B, isolated cultured islets from hadh�/� mice were
perifused with different combinations of amino acids as indicated in the panel (results are presented as mean �
S.E. from three separate perifusions). C, [Ca2�]i changes in response to glutamine/leucine (2 mM/0.46 mM)
stimulation in the presence (dark red line) or absence (red line) of 1.25 mM alanine or 4 mM glucose (pink line)
were measured in hadh�/� islets (mean � S.E., n � 4). D, experiments similar to those in C were performed in
islets from H454Y huGDH transgenic mice in response to glutamine/leucine along (gray line) or with additional
alanine (black line) (mean � S.E., n � 3).
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aspartate, glutamate, and glutamine was lower than in control
islets. In hadh�/� islets, the addition of 1.25 mM alanine to the
glutamine/leucine mixture further increased both insulin
release and the ATP/ADP ratio to the same level as stimulation
with 12 mM AAM. Under both conditions hadh�/� islets had
lower alanine levels compared with controls, suggesting that

alanine was being consumed to support a further increased rate
of metabolism. This supports the suggestion above that the
additive effect of alanine in hadh�/� islets may be to provide
pyruvate to allow completion of glutamate oxidation in the tri-
carboxylic acid (TCA) cycle, thus generating a greater increase
in the ATP/ADP ratio than that produced by incomplete oxi-
dation of glutamate via trans-deamination into aspartate (see
Fig. 7).
Stimulation with 25 mM glucose alone partially reversed the

lower basal levels of glutamate and of the sum of alanine, aspar-
tate, glutamate and glutamine in hadh�/� compared with con-
trol islets. Stimulation by a combination of glucose plus AAM
eliminated the differences in insulin release and amino acid
levels between hadh�/� and hadh�/� islets that were seen with
stimulation by AAM alone. This inhibitory effect on glucose on
islet amino acid metabolism can be explained by our previous
observation that glucosemetabolism inhibits GDH activity and
flux through GDH (11–13).
Interestingly, hadh�/� islets had reduced levels of GABA

compared with controls under all conditions. This is similar to
our observations in SUR1�/� islets or control islets exposed to
glyburide (20), in which reduced GABA levels correlate with
decreased expression of glutamate decarboxylase. Glutamate
decarboxylase gene expression was also found to be reduced in
hadh�/� islets by both RT-PCR and real-time PCR analysis of
islet mRNA (data not shown). As shown in Table 2, glucagon
responses were similar in hadh�/� and control islets, being
stimulated only by the complete mixture of amino acids.
Interaction of SCHADandGDHProteins—Because the func-

tional analysis of pancreatic islets suggested an activation of
GDHactivity in islets lacking SCHADprotein, we examined the
possibility of protein-protein interactions between the two
enzymes, reported by Filling et al. (21), using liver mitochon-
dria from hadh�/� and hadh�/� mice (Fig. 6, A and B). When
anti-SCHAD antibody was used as bait (Fig. 6A), GDH was
co-precipitated with SCHAD in hadh�/� mouse liver mito-
chondria, but not in �/� mice, consistent with a GDH-
SCHAD protein complex in hadh�/� liver mitochondria.
When purified His-tagged SCHAD protein was used as bait,
GDH was co-precipitated in hadh�/� liver extracts (Fig. 6B,
right lane), indicating that free GDH in hadh�/� liver mito-
chondria was readily available to form a protein complex with
His-tagged SCHAD protein. In contrast, in �/� mice, the
majority of GDH was associated with the endogenous SCHAD
protein and unavailable to bind to His-tagged SCHAD (Fig. 6B,
center lane).
Because SCHAD activity has been reported to be elevated in

islets comparedwith liver (22), wemeasured SCHADandGDH
messenger RNA in hadh�/� islets and liver by real-time PCR.
The ratio of SCHAD toGDHmessagewas 5-fold higher in islets
than in liver (15 � 1.3 versus 2.7 � 0.6, n � 3, p � 0.01). As
shown in Fig. 6C, anti-GDH antibodywas able to co-precipitate
SCHAD in lysates of islets from hadh�/�mice, confirming that
SCHAD associated with GDH in islets, as well as liver.
Mass spectrometric analysis of the hadh�/� liver mitochon-

drial extract from the pulldown assay illustrated in Fig. 6B,
using His-tagged SCHAD protein as bait, confirmed the pres-
ence of twoGDHpeptide fragments. The amino acid sequences

FIGURE 5. Effect of hadh deletion on glucose-stimulated insulin secretion
and [Ca2�]i. Glucose stimulated insulin secretion in isolated cultured islets
from hadh�/� (diamonds, red) and hadh�/� (circles, blue) mice, islets were
perifused with a glucose ramp (0 to 25 mM, 0.5 mM/min) in the presence or
absence of 1 mM octanoic acid (A, absence: solid, presence: open) or 0.25 mM

palmitate (B, presence: open, absence: blue or red line). Finally, islets were
exposed to 30 mM KCl. Results are presented as mean � S.E. from three sep-
arate perifusions. C, cytosolic calcium, [Ca2�]i, was continually measured by
Fura-2 fluorescence in cultured islets (hadh�/�: red line and hadh�/�: blue
line) in response to 10 mM glucose after a short or long period of rundown.
Results are presented as mean � S.E. from four separate perifusions.
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of these two peptides were (K)IIAEGANGPTTPEADKI-
FLER(N) and (K)YNLGLDLR(T). Interestingly, GDH was not
the only protein in liver mitochondria from hadh�/� mice that
was pulled down by His-tagged SCHAD. Mass spectrometry
also revealed the presence of peptides from several other mito-
chondrial proteins, including carbamoyl phosphate synthe-
tase-1 and 3-hydroxy-3-methylglutaryl-CoA lyase. The physio-
logical roles of these proteins are liver-specific and are the
subject of further investigation.
Islet GDH Enzyme Kinetics—To determine whether the

absence of SCHAD protein altered GDH enzyme activity, we
examinedGDHand SCHADactivities in homogenates of islets,

FIGURE 6. Protein-protein interaction of SCHAD and GDH. Immunopre-
cipitation was performed using extracts of isolated liver mitochondria (A and
B) and islets (C) from hadh�/� and hadh�/� mice. A, Western blotting with
anti-GDH antibody detected bovine GDH (boGDH, left lane) and mouse GDH
in whole extracts of liver mitochondria from �/� and �/� mice (center two
lanes). Following precipitation of liver mitochondrial extracts with anti-
SCHAD antibody as bait (right lane), GDH was only detected in the �/� mice,
but not in the �/� mice. B shows results of pulldown experiments using
His-tagged SCHAD protein as bait. GDH was detected by anti-GDH Western
blot in liver mitochondria extracts from hadh�/� mice (right lane) but not
from hadh�/� mice (middle lane). C, immunoprecipitation of SCHAD using
anti-GDH antibody as bait in isolated islets. Western blotting with anti-SCHAD
antibody detected SCHAD protein in T7-SCHAD protein (left lane) and �/�
islets lysate as controls. SCHAD was also detected from �/� islets after immu-
noprecipitation with anti-GDH, but not in �/� islets. All studies were
repeated three to six times and showed similar results.
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liver, and kidney. As shown in Table 3, the ratio of SCHAD to
GDH activities was markedly higher in islets compared with
liver or kidney in hadh�/� mice. As we had previously
observed, latent GDH activity (maximumminus basal activity)
was greater in islets compared with liver and kidney implying
the presence of some inhibitory effect, but this was similar in
hadh�/� and hadh�/� islets. The ED50 values for allosteric
inhibitors (GTP) and activators (ADP) were similar between
�/� and �/� mice in all three tissues. However, under condi-
tions of submaximal stimulation with 10 �M ADP, the Km for
�-ketoglutarate was reduced in hadh�/� islets, but was not
changed in liver or kidney. This reducedKm for�-ketoglutarate
in hadh�/� islets resulted in a 50% increase of enzyme effi-
ciency as indicated by the ratio ofVmax toKm (0.4 � 0.04 versus
0.6 � 0.05, p � 0.05, n � 4). In contrast, the Km for the second
GDH substrate, ammonia, was unchanged in hadh�/� islets
(data not shown). Islet GDH kinetics in the reverse, oxidative
deamination, direction could not be measured, because, as
expected, the reaction velocity was very low.
The increased affinity of GDH for �-ketoglutarate in

hadh�/� islets was confirmed by adding backHis-SCHADpro-
tein to liver homogenate from �/� mice. As shown in Table 4,
increasing the His-SCHAD/GDH molar ratio (SCHAD dim-
mers to GDH hexamers) to 3.1 reduced the affinity of GDH for
�-ketoglutarate by 2.8-fold. Because the Vmax remained
unchanged, the addition of SCHAD protein to hadh�/� liver
homogenate resulted in a 2.6-fold decrease in GDH enzyme
efficiency. Similar results were also observed in mixing experi-
ments using His-SCHAD and bovine GDH (data not shown).
As shown in Table 4, intermediate elevations of the SCHAD/
GDHmolar ratio did not affect theKm for�-ketoglutarate. This
may explain why the inhibitory effect of SCHAD on GDH was

only found in islets, but not in kidney and liver, because islets
contained the highest ratio of SCHAD to GDH in both gene
expression and enzyme activity.

DISCUSSION

These studies of mice with disruption of the SCHAD (hadh)
gene demonstrate that they have a dysregulation of insulin
secretion similar to the phenotype of hyperinsulinemic hypo-
glycemia reported in children with recessive inactivatingmuta-
tions of HADH (also known as HAD1). In vivo, hadh�/� mice
had reduced plasma glucose, increased plasma 3-hydroxybu-
tyrylcarnitine, and increased urinary 3-hydroxyglutarate, con-
sistent with observations in affected children. In vitro studies of
isolated islets from hadh�/� mice showed increased sensitivity
to amino acid-stimulated insulin secretion, indicating an acti-
vation of the glutaminolysis pathway through GDH to generate
ATP and trigger release of insulin. Immunoprecipitation exper-
iments demonstrated binding of SCHAD to GDH, and enzyme
kinetic studies in islet homogenates showed that absence of
SCHAD increases the enzymatic efficiency of GDH. These
findings indicate that hyperinsulinism in SCHAD-deficient
mice is caused by loss of a “moonlighting” function of the
SCHAD protein, which normally provides a direct inhibitory
effect on GDH enzymatic activity in pancreatic �-cells (Fig. 7).

A relationship between SCHAD deficiency and dysregula-
tion of insulin secretion is clear in both humans and in mice. A
total of five families has been reported with hyperinsulinism
associated with SCHAD deficiency, and we are aware of three
additional unpublished cases (2–4, 23). All of these cases had
recessive mutations identified, and most appear to be associ-
ated with the absence of SCHAD protein, as well as enzymatic
activity. It should be noted that other possible cases of SCHAD
deficiency have been reported that did not have hyperinsulin-
ism. In some, low SCHAD enzymatic activity was found in tis-
sues, but none hadmutations of theHADH1 gene (24–26).One
reported case with partial enzyme deficiency was compound
heterozygous for HADH1missense mutations; in this case, the
mutant proteinwas expressed in normal amounts, and the child
did not appear to have hyperinsulinism (27). Kapoor et al.
recently described protein-sensitive hypoglycemia in three
cases of SCHAD deficiency with hyperinsulinism (6). This
observation agrees with our finding of increased sensitivity to
amino acid-stimulated insulin secretion in vivo and in isolated

TABLE 3
GDH enzyme kinetics and SCHAD activity in hadh�/� and �/� mice
Data are mean � S.E.

Islets Liver Kidney
�/� �/� �/� �/� �/� �/�

GDH activity (nmol/mg protein/min)
Basal (n � 4) 28 � 4 25 � 1 214 � 11a 193 � 3a 83 � 4a,b 96 � 6a,b
Maximum (100 �M ADP, n � 4) 88 � 8 84 � 2 290 � 13a 304 � 11a 124 � 10a,b 136 � 8a,b
ADP stimulation (ED50: �M, n � 4) 8 � 2 13 � 3 13 � 1 15 � 1 8 � 2 9 � 2
GTP inhibitionc (ED50: nM, n � 4) 309 � 17 280 � 28 30 � 2 29 � 2 44 � 1 37 � 1
Km for �-KGd (�M, n � 4) 107 � 8 63 � 4e 124 � 15 128 � 15 74 � 14 70 � 13
SCHAD activity (nmo/mg protein/min, n � 4) 216 � 7 NDf 127 � 5a ND 157 � 16a ND

a p � 0.01, versus islets in same group (�/� or �/�).
b p � 0.01, versus liver in same group.
c For islets, in the presence of 100 �M ADP.
d For islets, in the presence of 10 �M ADP.
e p � 0.05, versus �/�.
f ND, not detectable.

TABLE 4
Effect of His-SCHAD protein on GDH kinetics in hadh�/� liver

Molar ratio of
His-SCHAD (dimmers)
to GDH (hexamers)

(n � 6)

Km for
�-ketoglutarate Vmax

Enzyme
efficiency

�M nmol/mg protein/min Vmax/Km

0 136 � 15 340 � 12 2.6 � 0.3
0.3 � 0.0 149 � 22 350 � 12 2.5 � 0.3
1.2 � 0.1 152 � 13 318 � 14 2.2 � 0.3
3.1 � 0.2 381 � 25a 374 � 22 1.0 � 0.1a

a p � 0.01, versus no SCHAD (0).
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islets from hadh�/� mice (6). Two of Kapoor’s cases hadmuta-
tions compatible with complete absence of SCHAD protein.
The third case with protein-sensitive hyperinsulinism had a
homozygous missense mutation with only a 50% reduction in
enzyme activity and no abnormal fatty acid metabolites; it is
possible that this amino acid change has little effect on enzy-
matic activity but interferes with the effect of the protein on
GDH regulation.
SCHAD deficiency also appears to play a role in the hyperin-

sulinism associated with islet-specific knock-out of the FOXa2
transcription factor (28). Islets from these mice have reduced
expression of both SCHAD and Kir6.2, one of the genes associ-
atedwith theKATP channel formof hyperinsulinism. This com-
bined deficiency causes amore severe hypoglycemic phenotype
than deficiency of KATP alone, consistent with SCHAD defi-
ciency having an independent role in causing hyperinsulinism.
Attempts to identify the mechanism of hyperinsulinism in
SCHADdeficiency using RNA interference to suppress enzyme
expression have yielded inconsistent results. Our colleagues,
Hardy et al., found increases in basal, but not in glucose-stim-
ulated insulin release when hadhwas suppressed by RNA inter-
ference in INS 832/13 cells and in isolatedmouse islets (29); the
increased insulin release was not inhibited by diazoxide in the
cells that were knocked down, suggesting a KATP-channel-in-
dependent mechanism. In contrast, Pipeleers and colleagues
(22) reported that knock-down of hadh did not affect basal
secretion, but increased insulin responses to GSIS and to
depolarization with KCl in both INS cells and in rat islet
cells; they suggested that an amplifying effect on GSIS of
fatty acyl-CoAs proximal to the SCHAD step was responsi-
ble for hyperinsulinism in SCHAD deficiency. In contrast to

both of these reports, the present
findings in the SCHAD knock-out
mouse did not show changes in
GSIS, and neither of these knock-
down studies addressed the protein
sensitivity in SCHAD deficiency,
which has recently been recognized
to be an important feature of the
disorder in children (6). The reasons
for the different findings in the two
studies with SCHAD knockdown
are not clear, but an important fac-
tor may be the fact that both
achieved only a partial, 50–80%
reduction of SCHAD. Based on the
reported cases of SCHAD defi-
ciency associated with hyperinsu-
linism, this is likely insufficient to
reproduce the hyperinsulinism phe-
notype. In a child with missense
SCHAD mutations that reduced
enzyme activity to 10–20% of nor-
mal (similar to the residual SCHAD
expression reported in the knock-
down experiments), there was no
evidence of hyperinsulinism (27).
The present experiments suggest

that the mechanism of insulin dysregulation associated with
SCHAD deficiency is similar to that seen in children with acti-
vatingmutations ofGDH (30, 31). Thesemutations impair allo-
steric inhibition of GDH by GTP, thus leading to increased
oxidation of glutamate and insulin release. Affected patients
have increased sensitivity to activation of GDH by leucine,
which is manifested clinically by hypoglycemia in response to
ingestion of protein meals (32, 33). These patients also have
persistent hyperammonemia, possibly due to the activation of
GDH enzyme activity in the liver or kidney (34). Hyperam-
monemia is not a feature of SCHAD deficiency, perhaps
because the activation of GDHmay be limited to islets and also
appears to be less severe than in GDH activating mutations.
Isolated hadh�/� islets demonstrate many similarities to

those of islets expressing the H454Y-activating mutation of
GDH. Islets from both mouse models release insulin in
response to a physiological mixture of amino acids. Both show
increased basal rates of glutaminolysis and a reduced threshold
for leucine stimulation of insulin release, although the thresh-
old in hadh�/� islets is intermediate between control andGDH
transgenic islets (12). Unlike GDH transgenic islets, hadh�/�

islets failed to release insulin in response to glutamine alone,
but required the presence of leucine at concentrations that are
not stimulatory in control islets. For maximum insulin
response, islets from hadh�/� mice required exposure to ala-
nine, glutamine, and leucine. The effect of alanine additionmay
be attributed to its contribution via acetyl-CoA formation to
stimulate ATP production from the oxidation of glutamate in
the tricarboxylic acid cycle (20) (see Fig. 7). These observations
suggest that the degree of activation of GDH in hadh�/� is
lower than in islets expressing the activating H454Y GDH; this

FIGURE 7. Mechanism of insulin dysregulation in SCHAD deficiency. In SCHAD-deficient islets, the loss of an
inhibitory protein-protein interaction of SCHAD on GDH leads to an increase in the sensitivity of the GDH
reaction to allosteric activation by leucine. Stimulation of islets by glutamine plus leucine in vitro produces a
submaximal insulin response compared with stimulation with a complete physiological mixture of amino
acids, because glutamate trans-deamination to aspartate uses only part of the TCA cycle to generate ATP as a
trigger for insulin release. Addition of alanine to stimulation by glutamine plus leucine produces a greater
release of insulin, equal to that of a mixture of amino acids, because the TCA cycle can be completed to
generate a greater ATP response (18 versus 9 mol of ATP per mol of glutamate oxidized). GDH, glutamate
dehydrogenase; SCHAD, short-chain 3-hydroxyacyl-CoA dehydrogenase; �-KG, �-ketoglutarate; OAA, oxaloac-
etate; and TCA, tricarboxylic acid.
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may account for the somewhat milder hypoglycemia of
hadh�/� mice compared with the GDH transgenic mouse.

We did not observe any abnormalities in the responses of
islets from SCHAD-deficientmice to the addition of fatty acids,
including medium-chain fatty acids, which are substrates for
the action of SCHAD. Octanoate potentiated the effect of
amino acids on the stimulation of insulin secretion in hadh�/�

islets, but this was not different from its effect on GSIS in both
control and�/� islets. The failure to observe a specific effect of
fatty acids on insulin secretion in hadh�/� islets indicates that
the hyperinsulinism is not the result of accumulation of fatty
acid intermediates. It is also consistent with the fact that other
genetic defects of mitochondrial fatty acid beta-oxidation do
not cause hyperinsulinism (5).
Measurements of cytosolic calcium responses to stimuli con-

firmed that the hyper-responsiveness of hadh�/� islets was
specific to amino acid stimulation. Basal calcium concentra-
tions and basal insulin secretion were normal in hadh�/� islets.
This contrasts with islets from SUR1�/� mice, which serve as a
model for the recessive form of hyperinsulinism due to inacti-
vating mutations of the �-cell KATP channel. SUR1�/� islets
lacking KATP channel activity are constitutively depolarized
and have elevated basal concentrations of cytosolic calcium (7).
In addition, patients with KATP channel inactivation are unre-
sponsive to treatment with diazoxide, a KATP channel agonist,
whereas patients with SCHAD deficiency respond well to dia-
zoxide (2, 3, 6, 23). Thus, the hyperinsulinism associated with
SCHAD deficiency is not due to abnormalities of the KATP
channel. Cytosolic calcium responses to glucose stimulation
showed subtle differences in hadh�/� islets (Fig. 5), which
probably reflect increased metabolism of intracellular amino
acids via GDH in the basal state (see also Table 2).
Our findings suggest that GDH activation in SCHAD defi-

ciency is due to the loss of a direct protein-protein interaction
between the two enzymes. This was demonstrated by both
immunoprecipitation and protein pull-down experiments,
confirming and extending observations recently reported by
Filling et al. (21). That SCHADmay have a regulatory effect on
GDH via this protein-protein interaction could not have previ-
ously been anticipated. As noted above, with the possible
exception of one of the cases described byKapoor (6), it appears
that cases of SCHAD deficiency without hyperinsulinism
express normal amounts of enzyme protein, whereas cases
associated with hyperinsulinism lack SCHAD protein (includ-
ing an unpublished case we have recently identified). This phe-
nomenon, in which a protein has additional functions in other
pathways, has been termed moonlighting protein effects (35).
As in the present experiments, mass spectrometry has been
useful in detecting such interactions (35). The pulldown exper-
iments identified additional proteins that complex with
SCHAD and GDH, including enzymes related to ureagenesis
and ketogenesis, whichmight form a larger regulatory network.
For example, although not detected in our SCHAD pulldown
assays, SIRT4, one of the sirtuin enzymes involved in calorie-
restriction longevity, has been reported to associate with GDH
and inhibit its activity by ADP ribosylation (36).
Our experiments indicate that SCHADreduces the affinity of

GDH for�-ketoglutarate, but for not ammonia, suggesting that

the presence of SCHAD affects binding of the carboxyl end of
the substrate in the catalytic site. The effect was limited to islet
GDH, perhaps reflecting the high levels of SCHAD (22) and,
especially, the high ratio of SCHADtoGDH in this tissue (Table
3). It is interesting to speculate that the inhibitory effect of
SCHAD on GDH might be part of a mechanism for reciprocal
control of fatty acid and amino acid oxidation. Further work is
clearly needed to define the details of how SCHAD modifies
GDH activity, especially in islets.
In summary, the results of our studies of insulin dysregula-

tion in hadh�/� mice provide an explanation for the hyperin-
sulinemic hypoglycemia reported in children with SCHAD
deficiency. These mice display amino acid sensitive hypoglyce-
mia in vivo. Their islets have abnormal sensitivity to amino acid
stimulation of insulin secretion and demonstrate evidence of
increased GDH activity, similar to islets expressing activating
mutations of GDH. The activation of GDH appears to be
related to a loss of a regulatory protein-protein interaction
between GDH and SCHAD.
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K., Van Thi, H. V., Schuit, F., and Pipeleers, D. (2007) J. Biol. Chem. 282,
21134–21144

23. Clayton, P. T., Eaton, S., Aynsley-Green, A., Edginton, M., Hussain, K.,
Krywawych, S., Datta, V.,Malingre, H. E., Berger, R., and van denBerg, I. E.
(2001) J. Clin. Invest. 108, 457–465

24. Bennett, M. J., Spotswood, S. D., Ross, K. F., Comfort, S., Koonce, R.,
Boriack, R. L., IJlst, L., and Wanders, R. J. (1999) Pediatr. Dev. Pathol. 2,
337–345

25. Bennett, M. J., Weinberger, M. J., Kobori, J. A., Rinaldo, P., and Burlina,
A. B. (1996) Pediatr. Res. 39, 185–188

26. Tein, I., De Vivo, D. C., Hale, D. E., Clarke, J. T., Zinman, H., Laxer, R.,
Shore, A., and DiMauro, S. (1991) Ann. Neurol. 30, 415–419

27. Bennett, M. J., Russell, L. K., Tokunaga, C., Narayan, S. B., Tan, L., Seeg-
miller, A., Boriack, R. L., and Strauss, A.W. (2006)Mol. Genet. Metab. 89,

74–79
28. Sund, N. J., Vatamaniuk, M. Z., Casey, M., Ang, S. L., Magnuson, M. A.,

Stoffers, D. A., Matschinsky, F. M., and Kaestner, K. H. (2001) Genes Dev.
15, 1706–1715

29. Hardy, O. T., Hohmeier, H. E., Becker, T. C., Manduchi, E., Doliba, N. M.,
Gupta, R. K., White, P., Stoeckert, C. J., Jr., Matschinsky, F. M., Newgard,
C. B., and Kaestner, K. H. (2007)Mol. Endocrinol. 21, 765–773

30. Stanley, C. A. (2004)Mol. Genet. Metab. 81, Suppl. 1, S45–S51
31. Stanley, C. A., Lieu, Y. K., Hsu, B. Y., Burlina, A. B., Greenberg, C. R.,

Hopwood, N. J., Perlman, K., Rich, B. H., Zammarchi, E., and Poncz, M.
(1998) N. Engl. J. Med. 338, 1352–1357

32. Hsu, B. Y., Kelly, A., Thornton, P. S., Greenberg, C. R., Dilling, L. A., and
Stanley, C. A. (2001) J. Pediatr. 138, 383–389

33. Kelly, A., Ng, D., Ferry, R. J., Jr., Grimberg, A., Koo-McCoy, S., Thornton,
P. S., and Stanley, C. A. (2001) J. Clin. Endocrinol. Metab. 86, 3724–3728

34. Treberg, J. R., Brosnan, M. E., Watford, M., and Brosnan, J. T. (2010) Adv.
Enzyme Regul. 50, 34–43

35. Jeffery, C. J. (2005)Mass Spectrom. Rev. 24, 772–782
36. Haigis, M. C., Mostoslavsky, R., Haigis, K. M., Fahie, K., Christodoulou,

D. C., Murphy, A. J., Valenzuela, D. M., Yancopoulos, G. D., Karow, M.,
Blander, G., Wolberger, C., Prolla, T. A., Weindruch, R., Alt, F. W., and
Guarente, L. (2006) Cell 126, 941–954

Insulin Dysregulation in hadh Knockout Mice

31818 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 41 • OCTOBER 8, 2010


