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Succinyl-CoA:3-ketoacid-CoA transferase (SCOT) is a mitochondrial enzyme that catalyzes the reversible
transfer of coenzyme-A from acetoacetyl-CoA to succinate to form acetoacetate and succinyl-CoA. mRNAs
of SCOT and ATP citrate lyase were decreased 55% and 58% and enzyme activities were decreased >70% in
pancreatic islets of the GK rat, a model of type 2 diabetes. INS-1 832/13 cells were transfected with shR-
NAs targeting SCOT mRNA to generate cell lines with reduced SCOT activity. Two cell lines with >70%
knockdown of SCOT activity showed >70% reduction in glucose- or methyl succinate-plus-b-hydroxybu-
tyrate-stimulated insulin release. Less inhibition of insulin release was observed with two cell lines with
less knockdown of SCOT. Previous studies showed knockdown of ATP citrate lyase in INS-1 832/13 cells
does not lower insulin release. The results further support work that suggests mitochondrial pathways
involving SCOT which supply acetoacetate for export to the cytosol are important for insulin secretion.

� 2010 Elsevier Inc. All rights reserved.
Introduction

The net synthesis within mitochondria of metabolic intermedi-
ates using carbon derived from insulin secretagogues and the
export of the intermediates to the cytosol, such as for the synthesis
of short chain acyl-CoAs and for metabolite shuttles, appears to be
essential for the stimulation and support of insulin secretion by the
pancreatic b cell [1]. Glucose is the most potent physiologic stim-
ulant of insulin secretion and it is metabolized via glycolysis to
form pyruvate which is taken up by mitochondria where it is
decarboxylated by pyruvate dehydrogenase and carboxylated by
pyruvate carboxylase at roughly equal rates [2–6]. There is a great
deal of evidence that at least one mitochondrial biosynthetic path-
way that utilizes pyruvate carboxylase is especially important for
insulin secretion. In this pathway the levels of citric acid cycle
intermediates, such as malate and citrate are increased and are ex-
ported to the cytosol. Through the action of cytosolic enzymes
malic enzyme and ATP citrate lyase these metabolites participate
in the pyruvate malate and the pyruvate citrate shuttles and also
in forming acetyl-CoA in the cytosol [1,6–8]. The acetyl-CoA can
be a precursor for the synthesis of other short chain acyl-CoAs in
ll rights reserved.

nald).
the cytosol, such as malonyl-CoA [1,9,10], acetoacetyl-CoA and
HMG-CoA1 [1,11–14] (Fig. 1). The key involvement of pyruvate car-
boxylase in insulin secretion has been established with siRNA- and
shRNA-mediated knockdown of the enzyme- and glucose-stimulated
insulin release in pancreatic islets or insulinoma cells [15–17]. Sim-
ilar knockdown of cytosolic malic enzyme in insulinoma cell lines or
islets inhibited insulin release in some studies [18–21], but not in
others [21,22]. Most likely there is redundancy of pathways that
can perform functions similar to or parallel to pathways that use
cytosolic malic enzyme.

We recently suggested there is another pathway for the export
of precursors of short chain acyl-CoAs to the cytosol [11–14]. This
pathway begins with the formation of acetyl-CoA from pyruvate
catalyzed by the pyruvate dehydrogenase complex (Fig. 1). The
acetyl-CoA is converted to acetoacetyl-CoA catalyzed by either of
the mitochondrial thiolases, acetyl-CoA acetyltransferase 1
(ACAT1) or acetyl-CoA acyltransferase 2 (ACAA2). The resulting
acetoacetyl-CoA combines with succinate in the mitochondria to
form acetoacetate and succinyl-CoA. The acetoacetate can be ex-
ported from the mitochondria to the cytosol where it can be con-
verted to the same four short chain acyl-CoAs that result from
1 Abbreviations used: HMG-CoA, hydroxymethylglutaryl-CoA; mGPD, mitochondrial
glycerolphosphate dehydrogenase; SCOT, succinyl-CoA:3-ketoacid-CoA transferase.

http://dx.doi.org/10.1016/j.abb.2010.05.007
mailto:mjmacdon@wisc.edu
http://www.sciencedirect.com/science/journal/00039861
http://www.elsevier.com/locate/yabbi


Acetoacetyl-CoA

Acetyl-CoA

PyruvatePyruvate

Citrate
OAA

Glucose

etatecaotecAetatecaotecA

Acetoacetyl-CoA

Acetyl-CoA

HMG-CoA

Oxaloacetate

Cytosol
Cytosol Mitochondrial Matrix

Succinate

Succinyl-CoA

GTP
or ATP

GDP or
ADP + Pi

SCOTSuccinyl-CoA
Synthetases

CoA

Inner
Mitochondrial

Membrane

ACAT1
or

ACAA2

ACAT2
or

ACAA1

Acetoacetyl-CoA
Synthetase

Glycolysis
PC

PDH

β-Hydroxybutyrate
Dehydrogenase

β-Hydroxybutyrate
Citric Acid

Cycle

Citric Acid
Cycle Citric Acid

Cycle

Methyl
Succinate

Citrate

Malate

Metabolite
Shuttles

ADP
+ Pi

CoAATP
ATP
Citrate
Lyase

Malonyl-CoA

Fig. 1. Schematic depiction of roles of SCOT and ATP citrate lyase in glucose- or methyl succinate plus b-hydroxybutyrate-stimulated insulin secretion. Glucose-derived
carbon can be converted by SCOT into acetoacetate that is exported from the mitochondria to the cytosol and, ultimately, converted into short chain acyl-CoAs in the cytosol
(thick arrows). Succinate formed in the SCOT reaction is regenerated by either the GTP or the ATP succinyl-CoA transferase. In the presence of the experimental insulin
secretagogue combination of b-hydroxybutyrate and monomethyl succinate, hydroxybutyrate-derived carbon can be converted into acetoacetate to supply the same
pathways or into acetoacetyl-CoA by SCOT and ultimately into acetyl-CoA for consumption in the citric acid cycle (dashed arrows). Succinate and succinyl-CoA derived from
the citric acid cycle and/or from exogenous methyl succinate can feed the SCOT reaction. The pathway involving ATP citrate lyase is also shown. Abbreviations: ACAT1 or
ACAT2, acetyl-CoA acetyltransferase 1 or 2; ACAA1 or ACCA2, acetyl-CoA acyltransferase 1 or 2.
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the export of citrate to the cytosol. The enzyme that catalyzes the
formation of acetoacetate in the mitochondria is SCOT1 [11]
(Fig. 1).

The levels of several metabolic enzymes that play key roles in
the mitochondrial biosynthetic pathways and/or redox shuttles
have been observed to be decreased in pancreatic islets of rodents
[23–26] and/or humans [27,28] with type 2 diabetes. Among the
enzymes that are decreased in type 2 diabetes are mitochondrial
glycerol phosphate dehydrogenase (mGPD) [23–28] and pyruvate
carboxylase [25–27] in islets of both rats and humans. Each of
these enzymes is present at rather high levels in islets of normal
rodents [6,29–31]. However, the level of pyruvate carboxylase ap-
pears to be lower in human islets compared to rodent islets and
also low compared to other human tissues, such as liver and kid-
ney.2 We recently reported that SCOT and ATP citrate lyase are de-
creased in the islets of the few humans studied [27]. The level of
the cytosolic malic enzyme is normal in islets of diabetic humans
[27]. Because samples of islets from only a small number of human
patients with type 2 diabetes were analyzed for the levels of SCOT
and ATP citrate lyase [27], it would be of heuristic value to know
whether the observations from human islets could be replicated in
islets from an animal model of type 2 diabetes maintained in more
standardized conditions than is possible with pancreatic islets from
human patients who become pancreatic islet donors. In the current
study, we measured the levels of transcripts that encode SCOT and
ATP citrate lyase and their enzyme activities in pancreatic islets of
the GK rat, a model of human type 2 diabetes.

Two [11,32] of three studies [11,20,32] in which ATP citrate
lyase was knocked down with siRNA or shRNA in pancreatic islets
or cell lines failed to show inhibition of glucose-stimulated insulin
release. Thus, there may be redundancy of pathways, such that
other pathways can achieve the same results as pathways that uti-
lize ATP citrate lyase. Therefore, because the pathway we proposed
2 M.J.M., unpublished observations.
that requires SCOT could be redundant with ATP citrate lyase in re-
spect to supplying precursors for short chain acyl-CoAs to the cyto-
sol, we analyzed this pathway with a knockdown study of SCOT. We
developed cell lines that stably express shRNAs with inserts target-
ing SCOT mRNA from the rat insulinoma INS-1 832/13 cell line. Four
cell lines were developed with various levels of knockdown of SCOT
protein and enzyme activity that were used to study insulin release.

Materials and methods

Materials

Rabbit anti-human polyclonal ATP citrate lyase antibody (Cata-
log No. 1699-1) was from Epitomics, Burlingame, CA. Rabbit anti-
SCOT polyclonal antibody was generated in rodents by TF. Rabbit
anti-b-actin antibody and all chemicals were from Sigma–Aldrich,
St. Louis, MO, in the highest purity available. The INS-1 832/13 cell
line was from Hans Hohmeier and Christopher Newgard.

Experimental procedures

Islets

Pancreatic islets for measurements of activities and amounts of
enzymes were supplied in six batches from GK Wistar rats and six
batches from non-diabetic Wistar control rats. All rats were male
and were from the Karolinska GK rat colony initiated in 1989 with
founders from Professor Goto in Sendai, Japan. Approval for the
animal studies was obtained from the Ethics Committee on Animal
Experiments at the Karolinska Institutet. Islets were isolated in the
laboratory of C-GO and shipped as frozen islet pellets to the labo-
ratory of M.J.M. for enzyme activity analysis within 1 week of islet
isolation. Each batch of islets consisted of 500–800 islets isolated
from one to three rats. GK rat islet donors were 2 months old
(two batches), 3 months old (one batch) and 4 months old (three
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batches). All Wistar rat control islet donors were 2 months old. The
body weights and blood glucose values of the GK rats were
271 ± 10 g (13) (range 236–332 g) and 8.8 ± 1.0 mM (13) (range
6.1–19.1 mM), respectively, and the body weights and blood glu-
cose values of the non-diabetic Wistar rat controls were 363 ± 8 g
(11) (range 305–397 g) and 4.8 ± 0.1 mM (11) (range 4.1–
5.0 mM), respectively (means ± SE (N)).

In addition, islets were isolated as described above for determi-
nation of mRNA expression in the laboratory of C-GO. For this pur-
pose, 11 GK rats and 14 Wistar rats were used. Their body weights
and blood glucose levels were similar to those of the rats used for
measurements of islet enzyme activities.

Islet mRNA expression

Total mRNA extraction of isolated pancreatic islets followed by
DNase I treatment was done with the RNeasy Mini Kit (Qiagen, Hil-
den, Germany). First-strand cDNA was synthesized from 1 lg total
RNA from each rat employing random hexamer oligonucleotide
using QuantiTect reverse transcription reagents (Qiagen).

To perform the real-time RT-PCR, specific TaqMan assays were
designed (Applied Biosystems, Foster City, USA) according to the
mRNA sequence of the SCOT (Oxct1, NM_00173523.1) and the
ATP citrate lyase genes in the rat. The probes were labeled with
60-carboxy-fluorescein (FAM) as reporter dye and TAMRA as
quencher dye. Amplification was performed using the 50-nuclease
TaqMan method in an ABI 7300 real-time PCR system (Applied Bio-
systems, Foster City, USA). Experiments were replicated on at least
two occasions.

Enzyme activities

Enzyme activities were measured in supernatant fractions of
whole-cell homogenates or mitochondria of pancreatic islets or cell
lines prepared as previously described [11]. Briefly cells main-
tained as monolayers were washed on the cell culture plates and
scraped from the plates and homogenized in KMSH solution
(220 mM mannitol, 70 mM sucrose and 5 mM potassium Hepes
buffer, pH 7.5) containing 1 mM dithiothreitol with 40 strokes in
a Potter–Elvehjem homogenizer. A mitochondrial fraction was pre-
pared by differential centrifugation as previously described [6,11].
The twice frozen–thawed whole-cell homogenate or the frozen–
thawed mitochondrial fraction was centrifuged at 20,800g for
20 min to give a supernatant fraction. Pancreatic islets were gently
homogenized in the KMSH solution with a hand-held homogenizer
in microfuge test tubes. SCOT was measured in the presence of
50 mM sodium acetoacetate, 0.2 mM succinyl-CoA, 5 mM MgCl2

in 50 mM Tris-chloride buffer, pH 8.0 [25], at 30 �C. The rate of ace-
toacetyl-CoA formation was followed by measuring the increase in
absorbance at 310 nm. After a background rate was obtained, the
reaction was started with the addition of acetoacetate. The back-
ground rate was subtracted from the total rate to give the rate
attributable to the enzyme. ATP citrate lyase was measured in a
reaction mixture containing 5 mM citrate, 0.3 mM coenzyme-A,
3 mM ATP, 10 mM MgCl2, 0.15 mM NADH, 1 mM dithiothreitol,
2 U/ml of malate dehydrogenase in 100 mM Tris-chloride buffer,
pH 8.0, at 37 �C. The formation of oxaloacetate was measured by
the oxidation of NADH. After a background rate was measured in
the presence of enzyme source, the enzyme reaction was started
with the addition of citrate as previously described [11]. Cytosolic
malic enzyme (ME1) was measured as previously described [33].

Western blots

For immunoblotting, the cells were washed twice with PBS and
resuspended in KMSH buffer containing protease inhibitor. The
protein concentration was measured with the Bradford assay using
bovine serum albumin as a standard. Cells or islets were solubi-
lized in sample buffer (1% SDS, 5% glycerol, 65 mM Tris-chloride,
pH 6.8, 0.01% bromphenol blue and either 100 mM dithiothreitol
or 2.5% b-mercaptoethanol. Proteins in the lysate were separated
by electrophoresis on 7.5% polyacrylamide SDS gels and electro-
transferred to nitrocellulose membranes. The membranes were
blocked with a mixture of 5% milk in Tris-buffered saline (TBS),
incubated overnight at 4 �C with a suitable dilution of primary
antibody in blocking buffer, washed again and treated with the
secondary antibody labeled with goat anti-rabbit horseradish per-
oxidase in blocking buffer. Proteins were then visualized with the
Supersignal West Pico Chemiluminescent Substrate Kit (Pierce).
Luminescence was captured on a Chemi Doc XRS Gel Documenta-
tion System (Bio-Rad) or on KSR-B Luc Ultra Autorad X-ray film
(ISC Bioexpress). To demonstrate comparative loading of proteins
across lanes, the membranes were washed in TBS containing
0.05% Tween 20) and incubated in Restore Western Blot Stripping
Buffer (Pierce) for 15 min at room temperature and re-probed with
anti-b-actin antibody. To estimate relative densities of the protein
bands on X-ray films exposed to the immunoblots the areas and
densities of the bands were measured with the Bio-Rad Chemidoc
XRS Imaging System and calculated with Quantity One Software.

SCOT knockdown by siRNA

In vivo expression of siRNAs was accomplished using hygromy-
cin selectable DNA vectors that express hairpin RNA (shRNA). The
pSilencer 2.1 U6 Hygro was used to clone DNA inserts between the
BamHI and the HindIII sites downstream of the U6 promoter for
stable expression of shRNAs that is processed in vivo to generate
siRNA. The target sequences used in this study were designed using
web-based siRNA design engines and were as follows: Rat SCOT
mRNA (GenBank sequence Accession No. NM_001127580) targets
were SCOT 68, CAAAGGTCGTTCCGGGTAT; SCOT 713, ACGCAGAGT
TTGAGCGACA; SCOT 1676, CCATGGAACACTCCGCAAA and SCOT
1184, AGAAGAGAATCGAGCGTTT (see Supplemental Table 1 online
for the sequence of the entire HindIII–BamHI insert). DNA was
transfected into INS-1 832/13 cells using Lipofectamine 2000
reagent (Invitrogen). Selection of stable cell lines was performed
in the presence of 150 g/ml of hygromycin. Pools of cells stably
transfected with each plasmid vector targeting one SCOT mRNA
target were used for measurements of SCOT and control enzymes
and to study insulin release.

Insulin release studies

Insulin release from stable cell lines derived from INS-1 832/13
cells and expressing shRNA targeting SCOT mRNA was measured as
previously described [11]. INS-1 832/13 cells were maintained in
RPMI 1640 medium (contains 11.1 mM glucose) supplemented
with 10% fetal calf serum, 1 mM sodium pyruvate, 50 M b-mercap-
toethanol, 10 mM sodium Hepes buffer, pH 7.3 (INS-1 medium
[34]) plus 100 U/ml penicillin and 100 g/ml streptomycin. Insulin
release was performed in 24-well tissue culture plates. One day be-
fore an insulin release experiment was to be performed the glucose
concentration in the tissue culture medium was reduced to 5 mM.
Two hours before the experiment the medium was replaced with
Krebs-Ringer bicarbonate buffer, pH 7.3 (modified to contain
15 mM Hepes and 15 mM NaHCO3 with the NaCl concentration ad-
justed to maintain osmolarity at 310) containing 3 mM glucose and
0.5% bovine serum albumin (BSA) [11–15,35]. Cells were washed
once with the Krebs-Ringer Hepes BSA solution and insulin release
was studied in 1 ml of this same solution containing secretagogues
or non-secretagogues as controls. After 1 h at 37 �C, samples of
incubation solution were collected and centrifuged to sediment
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any cells floating in the incubation solution. An aliquot of the
supernatant fraction was removed and saved for insulin measure-
ments by radioimmunoassay. The plates were then washed once
with Krebs-Ringer solution containing no added protein. Water
was added to the plates and the mixture containing the cells was
removed and saved for estimation of total protein by the Bradford
method using a dye reagent from Bio-Rad.

Insulin content

The insulin content of the cell lines was measured by radioim-
munoassay in acid–ethanol extracts of the cells. Briefly, 1 ml of
1.5% HCl in 75% ethanol was added to each well containing cells
as a monolayer. After 1 h the cell extract was removed and vor-
texed vigorously and frozen until use when a portion of it was di-
luted in 50 mM potassium phosphate buffer, pH 7.5, containing
0.5% BSA before insulin was measured.

Results

Lower SCOT and ATP citrate lyase in islets of GK rats

Table 1 shows that SCOT Oxct1 and ATP citrate lyase mRNA
expressions are 55% and 58% lower and enzyme activities are
70% lower and 76% lower, respectively, in pancreatic islets of the
GK rat compared to islets of the Wistar rat controls. The level of
the SCOT Oxct2a mRNA was extremely low in the islets of both
the Wistar rats and the GK rats. Figs. 2 and 3 show that SCOT pro-
tein and ATP citrate lyase protein are lower in the islets of the GK
rats than in the islets of the Wistar rat controls.

SCOT knockdown inhibits insulin release

Four regions of the SCOT gene were targeted with shRNA in INS-
1 832/13 cells resulting in cell lines with varying degrees of knock-
WistarGK

SCOT

Actin

Islets

38 69 5
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115 107 80Density

Fig. 2. Lower SCOT protein in islets of GK rats compared to islets of Wistar rats.
Immunoblot showing individual densities of the SCOT bands relative to the average
of the three Wistar control bands. After the membrane was probed for SCOT it was
additionally probed with anti-actin antibody to show loading of protein across the
lanes. The intent was to add 10 g whole-cell protein per lane. However, even though
the actin bands suggest heavier loading of total cell protein in the GK islet lanes, the
densities of the SCOT bands in the GK lanes were still lower than in the Wistar
lanes. The relative densities shown were not corrected for the probable lower
amounts of total cell protein in the Wistar lanes.

Table 1
Lower SCOT and ATP citrate lyase gene expression and enzyme activities in pancreatic
islets of GK rats compared to islets of Wistar rats. Results of gene expression are in
arbitrary units and are means ± SE of 11 batches of Wistar rat islets and 14 batches of
GK rat islets. Results of enzyme activities are in nmol acetoacetyl-CoA/min/mg whole-
cell protein and nmol oxaloacetate/min/mg whole-cell protein for SCOT and ATP
citrate lyase, respectively, and are means ± SE of six batches of islets from each group.

Wistar rats GK rats

SCOT (Oxct1) mRNA expression 16.0 ± 2.1 7.2 ± 0.7b

ATP citrate lyase mRNA expression 8.5 ± 0.5 3.6 ± 0.3b

SCOT activity 17.2 ± 3.5 5.2 ± 0.6a

ATP citrate lyase activity 85 ± 11 20 ± 7.2 (6)b

a p < 0.01 vs Wistar control.
b p < 0.001 vs Wistar control.
down of SCOT protein (Fig. 4) and enzyme activity in whole-cell
homogenates and mitochondria (Fig. 5) compared to the parent
INS-1 832/13 cell line and the CHS cell line that contains a non-tar-
geting insert. The two cell lines with lesser knockdown of SCOT
(SCOT 713 and SCOT 68) showed variability among individual
experiments in the extent of SCOT protein knockdown (Fig. 4) or
knockdown of SCOT activity in the whole-cell homogenate com-
pared to the SCOT activity in mitochondria (SCOT 713, Fig. 5), or
in knockdown of glucose-stimulated- vs methyl-succinate-plus-
b-hydroxybutyrate-stimulated insulin release (SCOT 68, Fig. 5).
The SCOT 713 cell line was the cell line with least knockdown of
SCOT activity and protein and it showed only about 25% decreases
in glucose-stimulated and monomethyl succinate-plus-b-hydroxy-
butyrate-stimulated insulin release. The SCOT 68 cell line showed
about a 50% decrease in the SCOT level and a 50% decrease in glu-
cose-stimulated insulin release, but no decrease in methyl succi-
nate-plus-b-hydroxybutyrate-stimulated insulin release, while
the two cell lines, SCOT 1676 and SCOT 1184, with about 75%
knockdown of whole-cell SCOT protein and SCOT enzyme activity,
as well as SCOT mitochondrial activity, showed 70–80% reductions
in insulin release in response to either of the insulin stimulants
compared to the control cell lines. The growth rate of SCOT 1184
cell line, but not the growth rates of the other cell lines, was 20%
slower than that of the CHS control cell line.

Control enzymes and insulin content

The activity of cytosolic malic enzyme and ATP citrate lyase was
measured in the cell lines showing the various decreases in SCOT
enzyme activity and insulin release to obtain some assurance that
the decreases in secretagogue-stimulated insulin release was not
SCOT
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Fig. 4. Various levels of knockdown of SCOT protein with stable transfection of
shRNA inserts targeting different regions of SCOT mRNA in INS-1 832/13 cell lines.
Three immunoblots with 20 g whole-cell protein/lane from the same three or four
cell lines studied at various passage numbers are shown (713 and 68, passage 6, all
panels; 1184, passage 4 in middle panel and passage 7, bottom panel; 1676, passage
4 in top and middle panels; passage 11 in bottom panel; CHS, passages 19 or 20).
The CHS cell line is a control transfected with a non-targeting shRNA insert. The
densities of the SCOT protein bands are shown relative to within each blot with
100% equal to CHS (top panel), 713 (middle panel) and average CHS (bottom panel).

GK WISTAR

Fig. 3. Lower ATP citrate lyase protein in pancreatic islets of GK rats compared to
islets of Wistar rats. Immunoblot with 15, 13.5, 15, 16, 9.5, 11.5 and 9 g protein per
lane in lanes with islet samples GK-1, -2, -3 and -6 and Wistar-1, -3 and -4,
respectively.
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due to an off target effect. Control enzyme activities of the SCOT-
targeted cell lines were not significantly different from the control
cell line (Table 2).

The insulin content (means ± SE (N)) of the CHS cell line pos-
sessing a non-targeting insert was 394 ± 23 (12) milliunits insu-
lin/mg cell protein (8). The insulin contents of the SCOT 68 and
713 cell lines that showed moderately decreased insulin release
were not significantly different from that of the control CHS cell
line and when expressed as percentages relative to the CHS line
set at 100% were as follows: SCOT 68 (108 ± 11% (8)), SCOT 713
(103 ± 6% (8). The insulin contents of the SCOT 1184 cell line
(61 ± 9% (12)) and SCOT 1676 (59 ± 6% (12)) with severely de-
creased secretagogue-stimulated insulin release were lower than
that of the CHS cell line. However, since only 2–5% of the total insu-
lin content of the cell lines was released during the 1-h period of
exposure to glucose or methyl succinate plus b-hydroxybutyrate,
it is unlikely that these decreases in insulin content were large en-
Table 2
Normal specific enzyme activities of non-targeted enzymes malic enzymes and ATP
citrate lyase in cell lines with various knockdown SCOT activities and glucose-
stimulated insulin release. Enzyme activities are expressed as nmol product/min/mg
whole-cell supernatant fraction protein and are means ± SE of (N) replicate
measurements.

Cell line Malic enzyme ATP citrate lyase

Activity % of control Activity % of control

832/13 77 ± 10 (3) 100 129 ± 8 (8) 100
CHS 79 ± 11 (3) 103 137 ± 12 (6) 106
SCOT 68 99 ± 9 (3) 130 123 ± 6 (4) 95
SCOT 713 73 ± 7 (3) 95 134 ± 13 (4) 104
SCOT 1676 72 ± 10 (3) 93 104 ± 11 (10) 81
SCOT 1184 59 ± 7 (3) 77 106 ± 3 (6) 82
ough to be the cause of the lower insulin release. The lower insulin
contents may mean that the SCOT reaction in some way influences
insulin synthesis.

Discussion

Low SCOT and ATP citrate lyase in GK islets

Our recent study of pancreatic islets from a small number of hu-
man patients with type 2 diabetes showed that the islet enzyme
mRNA expression, activities and protein levels of SCOT and ATP cit-
rate lyase are decreased in type 2 diabetes [27]. The results of the
current study with islets of the GK rat support the idea that the lev-
els of these two enzymes are decreased in type 2 diabetes. It ap-
pears that the levels of islet enzymes that are involved in
pathways important for shuttling reducing equivalents across the
inner mitochondrial membrane to the cytosol (mGPD) [23–28],
or are involved in synthesis of citric acid cycle intermediates (mito-
chondrial anaplerosis), such as pyruvate carboxylase [25–27], or
enzymes, such as SCOT (Ref. [27] and Table 1, Fig. 2 herein), that
are involved in biosynthesis of other mitochondrial metabolites,
are decreased in type 2 diabetes. ATP citrate lyase, which is also de-
creased in the islets in type 2 diabetes (Ref. [27] and Table 1, Fig. 3
herein), can participate in redox shuttles by converting citrate into
oxaloacetate in the cytosol [9,10]. Besides forming oxaloacetate,
ATP citrate lyase also forms acetyl-CoA from citrate in the cytosol
and the acetyl-CoA can be converted to three other short chain
acyl-CoAs. SCOT forms acetoacetate in the mitochondria that can
be exported to the cytosol and converted into the same four short
chain acyl-CoAs (Fig. 1). A number of other metabolic enzymes
including succinate dehydrogenase, fumarase, quinone reductase,
cytochrome c oxidase, malate dehydrogenase, aspartate amino-
transferase and cytosolic malic enzyme are normal in islets of GK
rats or Zucker diabetic fatty rats [24–27] and/or humans [27] with
type 2 diabetes. The levels of the biotin-containing carboxylases,
propionyl-CoA carboxylase and methylcrotonyl-CoA carboxylase
that catalyze reactions very similar to pyruvate carboxylase are
not lowered in diabetic rats and humans [25–27], indicating the
decrease in pyruvate carboxylase is specific. While the decreased
levels of the above enzymes may contribute to the abnormal insu-
lin secretion in type 2 diabetes, the decreases are not likely the pri-
mary cause of the abnormal islet function because using insulin
treatment to restore normoglycemia in GK rats with decreased
mGPD and pyruvate carboxylase normalizes the levels of these en-
zymes [25]. In the current study, insulin treatment of the GK rat
did not increase mRNA transcripts that encode SCOT (unpublished
observation).

Knockdown of SCOT and insulin release

As Fig. 5 shows, knockdown of SCOT with shRNA lowers glu-
cose-stimulated insulin release in the INS-1 832/13 insulinoma cell
line. Two previous studies showed that severe lowering of the level
of ATP citrate lyase with siRNA or shRNA did not inhibit glucose-
stimulated insulin release in the INS-1 832/13 cell line [11,32] or
rat pancreatic islets [32], whereas one study in which ATP citrate
lyase was lowered 30–67% in the INS-1 832/13 cell line did inhibit
glucose-stimulated insulin release [20]. The pathway involving
SCOT is redundant with the pathway involving ATP citrate lyase
for supplying carbon precursors of short chain acyl-CoAs to the
cytosol (Fig. 1) and this may be why knockdown of ATP citrate
lyase does not usually inhibit insulin release. The reason why
knockdown of SCOT alone inhibits insulin release, while knock-
down of ATP citrate lyase does not, is unclear at this time but
may underscore the importance of SCOT for supplying acetoacetate
for export to the cytosol for formation of short chain acyl-CoAs.
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The thick arrows in Fig. 1 show the pathway that involves SCOT
in glucose-stimulated insulin secretion. In this pathway, SCOT cat-
alyzes the conversion of acetoacetyl-CoA derived from glucose car-
bon to acetoacetate. Succinate is converted to succinyl-CoA in the
reaction and the succinyl-CoA can be reconverted to succinate cat-
alyzed by either the GTP or the ATP succinyl-CoA transferase
resulting in a regenerative cycle for succinate. The acetoacetate
can be exported from the mitochondria where it can be a precursor
for formation of short chain acyl-CoAs (Fig. 1). The fact that the
SCOT 68 cell line which showed moderate knockdown of SCOT
with strong lowering of glucose-stimulated insulin release, but
with no lowering of methyl succinate-plus-b-hydroxybutyrate
insulin release, which supplies acetoacetate to the cells, may high-
light the importance of acetoacetate formation in glucose-stimu-
lated insulin secretion.

The inhibition of insulin release stimulated by b-hydroxybuty-
rate in combination with methyl succinate in the INS-1 832/13-de-
rived cell lines (Fig. 5) provides more direct evidence for the SCOT
pathway’s existence in the b cell. Insulin release stimulated by the
combination of these experimental compounds would not likely
occur in vivo, but can occur with flux through the reverse direction
of the pathway that uses the SCOT reaction in glucose-stimulated
insulin release. The ‘‘reverse” pathway (Fig. 1, dashed arrows)
begins with b-hydroxybutyrate dehydrogenase converting b-
hydroxybutyrate to acetoacetate. SCOT can catalyze the conversion
of the exogenously-derived acetoacetate to combine with succinyl-
CoA from the citric acid cycle to generate acetoacetyl-CoA and
succinate. The additional succinate derived from the exoge-
nously-added methyl succinate, via a mass action effect, can also
increase succinyl-CoA to feed the SCOT reaction (Fig. 1) and in
addition the succinate can replenish other four-carbon intermedi-
ates of the citric acid cycle. Either of the mitochondrial thiolases,
ACAT1 or ACAA2, can split the resulting acetoacetyl-CoA into two
acetyl-CoA molecules which can condense with oxaloacetate to
form citrate for metabolism in the citric acid cycle to generate en-
ergy for the stimulation of insulin release. In addition, the acetoac-
etate can be exported to the cytosol to directly form short chain
acyl-CoAs as described above.
Conclusions

The results of the current study of the GK rat, a rodent model of
type 2 diabetes, show that the activities and protein of SCOT and
ATP citrate lyase are decreased in the pancreatic islets of this rat
and agree with results of studies of human pancreatic islets [27].
These decreases appear to be caused by low gene expression be-
cause the levels of mRNA transcripts that encode the two enzymes
are decreased compared to the transcript levels in islets from con-
trol Wistar rats (Table 1). Chronic knockdown of SCOT in the INS-1
832/13 cell line severely lowered glucose- and methyl succinate-
plus-b-hydroxybutyrate-stimulated insulin release (Fig. 5). Previ-
ous studies showed that knockdown of ATP citrate lyase in the
INS-1 832/13 cell line [11,32] and rat pancreatic islets [32] is not
associated with lowered insulin secretion. In further support of
the pathways that use SCOT, we previously showed that in INS-1
832/13 cells knockdown of another enzyme of this pathway, aceto-
acetyl-CoA synthetase, which converts acetoacetate to acetoacetyl-
CoA from which other short chain acyl-CoAs can be synthesized in
the cytosol (Fig. 1), lowers secretagogue-stimulated insulin release
[11]. In addition, we observed that acetoacetate or b-hydroxybuty-
rate in combination with other metabolites stimulate insulin re-
lease in INS-1 832/13 cells and potentiate glucose-induced
insulin release in rat pancreatic islets [12,13]. Thus the current re-
sults strongly support other less direct evidence [11–14] that sug-
gests the importance in insulin secretion of (a) pathway(s)
involving SCOT in which insulin secretagogues can be metabolized
in the mitochondria to acetoacetate. The acetoacetate can be ex-
ported to the cytosol and used for synthesis of short chain acyl-
CoAs (Fig. 1). This pathway can be used instead of, or in concert
with, a pathway involving ATP citrate lyase that converts citrate
exported from mitochondria to acetyl-CoA which is a precursor
for other short chain acyl-CoAs in the cytosol.
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