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Abstract

The short heterodimer partner (SHP) (NR0B2) is an
orphan nuclear receptor whose function in pancreatic
�-cells is unclear. Mitochondrial uncoupling protein
(UCP2) in �-cells is upregulated in obesity-related dia-
betes, causing impaired glucose-stimulated insulin secre-
tion (GSIS). We investigated whether SHP plays a role in
UCP2-induced GSIS impairment. We overexpressed
SHP in normal islet cells and in islet cells overexpressing
UCP2 by an adenovirus-mediated infection technique.
We found that SHP overexpression enhanced GSIS in
normal islets, and restored GSIS in UCP2-overexpressing
islets. SHP overexpression increased the glucose sensitivity
of ATP-sensitive K+ (KATP) channels and enhanced the
ATP/ADP ratio. A peroxisome proliferator-activated re-
ceptor gamma (PPAR�) antagonist, GW9662, did not

block the SHP effect on GSIS. SHP overexpression
also corrected the impaired sensitivity of UCP2-
overexpressing �-cells to methylpyruvate, another energy
fuel that bypasses glycolysis and directly enters the Krebs
cycle. KATP channel inhibition mediated by dihydroxyac-
etone, which gives reducing equivalents directly to com-
plex II of the electron transport system, was similar in
Ad-Null-, Ad-UCP2- and Ad-UCP2+Ad-SHP-infected
cells. The mitochondrial metabolic inhibitor sodium azide
totally blocked the effect of SHP overexpression on GSIS.
These results suggest that SHP positively regulates GSIS
in �-cells and restores glucose sensitivity in UCP2-
overexpressing �-cells by enhancing mitochondrial glu-
cose metabolism, independent of PPAR� activation.
Journal of Endocrinology (2004) 183, 133–144

Introduction

Type 2 diabetes is characterized by impaired insulin
secretion by pancreatic �-cells in response to glucose, and
by insulin resistance in tissues usually sensitive to insulin,
such as liver, muscle and adipose tissues (DeFronzo 1988).
Some type 2 diabetes is associated with mutations
in diabetes-related genes (Schwanstecher et al. 2002).
Maturity-onset diabetes in young adults (MODY) with
impaired glucose-stimulated insulin secretion (GSIS) fea-
tures a functional defect in at least one gene of the nuclear
receptor superfamily (Shih et al. 2001).

Mutation in the short heterodimer partner (SHP)
(NR0B2), which is an orphan nuclear receptor (Seol et al.
1996, Lee et al. 1998, Nishizawa et al. 2002), is commonly
observed in type 2 diabetic patients (Mitchell et al. 2003).
Although SHP can inhibit transcriptional activation activi-

ties of many nuclear receptors by acting as a repressor (Seol
et al. 1996, 1997, 1998, Johansson et al. 1999, Goodwin
et al. 2000, Lee et al. 2000, Nishigori et al. 2001), it is also
known to increase the transcriptional activation activity of
the peroxisome proliferator-activated receptor � (PPAR�)
(Nishizawa et al. 2002). SHP binds the promoter of the
PPAR� gene at a SHP-binding site (Nishizawa et al.
2002). PPAR� activation often antagonizes diabetic
development (Day 1999). In pancreatic �-cells, PPAR�
agonists ameliorate GSIS (Yang et al. 2001) and prevent
�-cells from undergoing apoptosis (Shimabukuro et al.
1997). Individuals who have early-onset type-2 diabetes
due to a loss-of-function mutation in the PPAR� gene
(Barroso et al. 1999) have been treated with PPAR�
ligands (Day 1999). From these observations, it is
suggested that SHP may be involved in the glucose-
controlling functions of insulin-secreting and/or insulin-
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sensitive tissues (Nishigori et al. 2001, Nishizawa et al.
2002). Despite these findings, however, there have been
few studies aimed at defining the molecular role of SHP in
this process.

A chronic fatty diet causes PPAR� upregulation in
�-cells, associated with an increase in mitochondrial
uncoupling protein 2 (UCP2) expression and a decrease in
GSIS (Shimabukuro et al. 1997, Chan et al. 1999, 2001,
Patane et al. 2002). These findings suggest a relationship
between nuclear receptors and mitochondrial metabolic
proteins in �-cell insulin secretory pathways. UCP2 is a
proton (H+) carrier protein in the mitochondrial inner
membrane that facilitates a proton leak across the mem-
brane. UCP2-induced proton leakiness causes hypo-
polarization of the mitochondrial transmembrane potential
(��m) and a sequential decrease in mitochondrial Ca2+

influx (Chan et al. 2001). Since intramitochondrial Ca2+

([Ca2+]m) regulates the activities of several dehydrogenases
coupled to the Krebs cycle (McCormack et al. 1990,
Rutter et al. 1996), a UCP2-induced [Ca2+]m decrease
may attenuate glucose metabolism in the mitochondria.
UCP2 expression is often inversely correlated with the
level of reactive oxygen species (ROS) (Skulachev 1998).
Although high UCP2 expression can alleviate the cellular
load of ROS during energy metabolism (Echtay et al.
2002), exaggerated UCP2 expression may cause GSIS
impairment in �-cells (Chan et al. 1999, Zhang et al.
2001), which may eventually cause lower postprandial
insulin levels in blood. Investigating the role of SHP in
UCP2-induced impairment of mitochondrial metabolic
function may ultimately reveal new antidiabetic targets.

The present study investigated the role of SHP in
normal and UCP2-overexpressing diabetic �-cells using
an adenoviral UCP2 infection system. We found that SHP
enhanced GSIS in normal and UCP2-overexpressing
�-cells, probably not via PPAR� activation but through
potentiating glucose metabolism in the mitochondria.

Materials and Methods

Materials

Fura-2 acetoxymethyl (Fura-2/AM) ester was obtained
from Molecular Probes (Eugene, OR, USA). GW9662
was purchased from Alexis (Lausen, Switzerland). Bovine
serum albumin (BSA) and fetal bovine serum (FBS) were
purchased from Gibco Invitrogen (Carlsbad, CA, USA)
and Hyclone (Logan, UT, USA) respectively. Rat insulin
assay kits were purchased from Linco Research (St
Charles, MO, USA). All other chemicals were obtained
from Sigma.

Preparation of islets and single �-cells

Islets of Langerhans were isolated from the pancreata of
male Sprague-Dawley rats, each weighing 200–250 g, by a

collagenase digestion technique. Briefly, the animals were
first anesthetized with Nembutal, and then humanely
killed by exsanguination. All procedures were approved by
the Institutional Animal Care and Use Committee at the
Dongsan Medical Institute for Life Sciences in Daegu,
South Korea. Collagenase (type V; Sigma) was dissolved to
a concentration of 1 mg/ml in Hanks’ balanced salt solu-
tion (HBSS) and transfused via the common bile duct into
the pancreatic ducts. The dissected pancreas was then
incubated for 15 min at 37 �C in a shaking water bath.
Islets were picked up on a stereoscope (�15) and placed
into Krebs–Ringer bicarbonate (KRB) buffer containing
10% BSA, penicillin (100 U/ml) and streptomycin
(0·1 mg/ml). To obtain single �-cells, islets were triturated
with a fire-polished Pasteur pipette and a 1 ml syringe,
employing increasingly smaller needle diameters (20–26
gauges). Islets or single islet cells were incubated in
RPMI-1640 media with 5 mM glucose and 10% FBS in a
humidified atmosphere of 5% CO2 in air at 37 �C.

Culture of insulin-secreting INS-1 �-cells

INS-1 �-cells were routinely grown in monolayer cul-
tures, as previously described (Asfari et al. 1992), in RPMI
media containing 11·1 mM glucose supplemented with
10 mM HEPES, 2 mM glutamine, 1 mM sodium pyru-
vate, 50 µM �-mercaptoethanol and the antibiotics in the
same incubator where �-cells were cultured. All studies
were performed on INS-1 passages between 20 and 30 in
appropriate test protocols.

Recombinant adenovirus preparation and transfection

A full-length human UCP2 (hUCP2/pBS) and SHP
(hSHP/pCDNA3) were subcloned into the HindIII/
BamHI site of the pAd-YC2 shuttle vector (Choi et al.
2003). UCP2/pAd-YC2, SHP/pAd-YC2 and a rescue
vector pJM17 (Graham & van der Eb 1973) were cotrans-
fected into human embryonic kidney 293 (HEK-293)
cells with Tfx-20 (Promega, Madison, WI, USA), accord-
ing to the manufacturer’s protocol. After 12 days, recom-
binants were identified by PCR. The recombinants were
amplified in HEK-293 cells and purified in a cesium
chloride density gradient. The control adenovirus, Ad-
Null, was made and identified by the same method. INS-1
or islet cells were infected with adenoviruses expressing
Ad-Null (multiplicity of infection [MOI]=100), Ad-SHP
(50+Ad-Null 50), Ad-UCP2 (50+Ad-Null 50) or Ad-
UCP2+Ad-SHP (50+50). The adenovirus titer was
3·5×109 plaque-forming units (PFU), and one islet was
assumed to have 103 �-cells (Chan et al. 2001). Virus-
treated dishes were incubated for 2 h at 37 �C, and then
washed with RPMI media with low glucose. INS-1 and
islet cells were maintained for 48 h after infection, after
which time experiments were performed.
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Recordings of single ATP-sensitive potassium (KATP) channel
activity

The cell-attached configuration of the conventional patch-
clamp technique (Hamill et al. 1981) was used. Patch
pipettes had a resistance of 3–5 M�. The single-channel
currents were recorded by an Axopatch 200B patch-clamp
amplifier (Axon Instruments, Forster, CA, USA), passed
onto an A/D converter (Digidata 1312; Axon Instru-
ments) and later analyzed with Pclamp 8·2 software (Axon
Instruments). Data were filtered at 1 KHz and sampled
at 5 KHz. They were further filtered at 20 Hz for the
presentation of Figures. The channel activity was com-
pared by the channel open probability (Po) calculated from
the following formula,

N
Po=( � tj*j)/(Td*N)

j=1

where tj is the time spent at current levels corresponding
to j=0, 1, 2, ... N channels in the open state; Td is the
duration of the recording; and N is the number of channels
active in the patch. The number of channels in a patch was
estimated by dividing the maximum current observed in
the control solution by the mean unitary current ampli-
tude. The relative channel activity in the presence of
insulin secretagogues was described as Po/Poc, where Poc is
the Po recorded during 30 s just before the administration
of the drugs. During experiments, single islet cells on a
cover glass (10 mm×2 mm) were bathed in a solution
composed of (in mM) 137 NaCl, 5·6 KCl, 1·2 MgCl2, 2·6
CaCl2 and 10 HEPES, adjusted to pH 7·4 with NaOH.
The pipette solution contained (in mM) 140 KCl, 1·2
MgCl2, 2·6 CaCl2 and 10 HEPES, adjusted to pH 7·4
with KOH. The experiments were done at room
temperature (20–22 �C).

Measurement of insulin secretion from islets

Insulin secretion from islets was measured by radioimmu-
noassay (RIA) using the batch incubation method. The
islets were preincubated for 1 h at 37 �C in a modified
KRB buffer with 0·1% BSA and no glucose. Ten islets
were then placed into each well of a 48-well plate
containing an insulin secretagogue at the concentrations
indicated. After incubation for 1 h at 37 �C, an aliquot was
taken from each well and centrifuged (700 g, 5 min), and
the supernatant (200 µl) was carefully collected and stored
(–20 �C) for later analysis.

Changes in cytosolic free-Ca2+ concentration ([Ca2+]c) in islet
cells

Microfluorescent imaging of [Ca2+]c was performed on
single islet cells loaded with the calcium indicator dye
Fura-2/AM. Some of the procedures used in Ca2+

imaging in this experiment have been previously described
(Bae et al. 2003). Fura-2/AM ester (3 µM) was added to
islet cells, which were cultured on a cover slip (25 mm in
diameter), and bathed in physiological saline solution (PSS)
at room temperature for 30 min, followed by a 30-min
wash in dye-free PSS to allow esterase conversion to
free Fura-2. A cover slip was placed on the stage of an
inverted microscope, and imaging was performed with an
InCa dual-wavelength system (Intracellular Imaging,
Cincinnati, OH, USA). [Ca2+]c was calculated as the
relationship between the ratio of emissions at 510 nm from
excitation at 340 and 380 nm. Ratio images were pro-
cessed every 5 s and converted to [Ca2+]c by comparison to
a range of such ratios obtained by measurement of Fura-2
in the presence of a known concentration of calcium
(Calcium Calibration Buffer Kit; Molecular Probe,
Eugene, OR, USA). Each experimental data point repre-
sents the mean [Ca2+]c calculated from at least 20–30
individually measured cells from three separate cultures.
All imaging experiments were done at room temperature
(20–22 �C).

Measurement of ATP and ADP contents, and the
ATP/ADP ratio in islets

ATP and ADP were assayed by luciferase measurement
(Sigma), according to the manufacturer’s protocol. ATP
was assayed directly. For ADP measurements, ATP was
first hydrolyzed to AMP with ATP sulfurylase. After
inactivation of the sulfurylase, ADP was converted to ATP
with pyruvate kinase and phosphoenolpyruvate, and
was quantified by luciferase measurement (Schultz et al.
1993). To measure the immediate changes in ATP and
ADP contents after high-glucose stimulation, islets were
exposed to 15 mM glucose for 3 min at 37 �C.

Northern blotting

The full-length cDNAs (mouse Kir6·2/pBF and rat
SUR1/pBF were kindly provided by Professor FM
Ashcroft, and the human UCP2/pBS and SHP/pCDNA3
were kindly provided by Dr KU Lee and Dr HS Choi)
were used as probes for Northern blot analysis. Radio-
labeled probes were prepared by the random primer
labeling method with [�-32P]dCTP, using a random
primer labeling kit (Amersham, Arlington Heights, IL,
USA). After the labeling reaction, the radiolabeled probes
were purified on a NAP-5 column (Pharmacia, Uppsala,
Sweden). Total RNA for Northern analysis was extracted
by the RNeasy RNA extraction kit (Qiagen, Hilden,
Germany). Twenty micrograms of total RNA were ap-
plied to a 1% formaldehyde-agarose gel and transferred
to a nylon membrane. The nylon membrane was hybrid-
ized in Express Hyb solution at 65 �C for 2 h with a
radiolabeled cDNA probe, and washed according to the
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manufacturer’s instructions. The membrane was exposed
to radiographic film for 24–48 h, and the mRNA expres-
sion was quantified with densitometric analysis.

Western blot analysis

INS-1 �-cells grown under different concentrations of
glucose (3 or 15 mM) or INS-1 �-cells infected with
adenovirus of human UCP2 (1, 10, or 100 MOI) or null
(100 MOI) were washed and lyzed in a buffer (50 mM
Tris–Cl (pH 7·4), 150 mM NaCl, 1% Triton X-100, 1%
SDS, 1% Nonidet P-40, 1 mM EDTA, 200 nM aprotinin,
20 µM leupeptin, 50 µM phenanthroline and 280 µM
benzamidine-HCl). After centrifugation, the supernatant
was collected, and the protein concentration was deter-
mined. Equal amounts of protein were resolved by 10%
SDS–polyacrylamide gel electrophoresis, and transferred
onto a nitrocellulose membrane (Millipore, Bedford, MA,
USA). The membrane was washed with Tris-buffered
saline (TBS) (10 mM Tris and 150 mM NaCl) containing
0·05% Tween 20 (TBST), and blocked in TBST contain-
ing 5% nonfat dried milk. The membrane was incubated
with antibodies of UCP2 (1:1000, Alpha Diagnostic
International, San Antonio, TX, USA) or actin (1:10 000;
Sigma). After washing, the membrane was continuously
incubated with appropriate secondary antibodies coupled
to horseradish peroxidase, and developed in the ECL
Western detection reagents.

Statistical analysis

Results are expressed as means�S.E.M., and significance
was determined by Student’s t-test for two-group com-
parisons or ANOVA for multiple-group comparison.
P<0·05 was considered significant.

Results

Intentional SHP overexpression does not modify the level of
UCP2 expression

Northern blot analysis was first used to determine whether
overexpression of SHP affects the expression level of
UCP2 in normal or UCP2-overexpressing INS-1 �-cells.
UCP2 mRNA levels were not changed when SHP was
overexpressed in these cells (Fig. 1A). In addition, the
mRNA levels of sulfonylurea receptor (SUR1) and in-
wardly rectifying K+ channel (Kir6·2), which comprises
KATP channels in pancreatic or INS-1 �-cells, were not
modified by intentional overexpression of the genes
encoding UCP2, SHP or both. For endogenous over-
expression of UCP2, INS-1 �-cells were infected with
Ad-UCP2 (1, 10 or 100 MOI) or Ad-Null (100 MOI
only) in the presence of low glucose (3 mM) for 24 h.
These infected cells were then grown under 3 or 15 mM
glucose for 48 h. There was concentration-dependent
increase of UCP2 expression in INS-1 �-cells when the

concentrations of UCP2 virus were increased (Fig. 1B).
To quantify the degree of adenoviral-mediated UCP2
overexpression in INS-1 �-cells, we treated Ad-Null-
infected INS-1 �-cells with high glucose (15 mM) for
48 h. There was about three- to fourfold more increased
UCP2 expression in INS-1 �-cells infected with Ad-
UCP2 (100 MOI) than the expression level of UCP2
induced by 15 mM glucose in INS-1 �-cells (Fig. 1B).
Interestingly, UCP2 expression induced by 50 MOI of
Ad-UCP2 was quantitatively similar to the endogenously
expressed level of UCP2 induced by 15 mM glucose (data
not shown). It was previously suggested that if over-
expressed UCP3 protein in the mitochondria could be
eluted by high concentrations of nonionic detergents, such
as Triton X-100, the protein would be functionally active
(Guerini et al. 2002). Therefore, we applied this concept
in our system where UCP2 is overexpressed in INS-1 or
native �-cells. Most UCP2 protein induced by Ad-UCP2
or by high glucose was solubilized by Triton X-100 from
the mitochondria (data not shown), which was evaluated
by the expression level of prohibitin (1:1000, NeoMarkers,
Fremont, CA, USA), a mitochondria inner-membrane
protein used as a control of the degree of solubility by
Triton X-100, suggesting that overexpressed UCP2 in our
system may be functional, as consistent with previous
findings (Weber et al. 1997, Giannoukakis et al. 1999).

GSIS is enhanced by SHP overexpression in normal islets

In the cell-attached mode, bath application of 10 mM
glucose inhibited the single KATP channel activity in both
Ad-Null-infected control and Ad-SHP-infected �-cells
(Fig. 2A and B). However, the extent of the channel
inhibition, especially at the early period, was much greater
in the Ad-SHP-infected group than in the Ad-Null-
infected group, implying an accelerated rate of glucose-
stimulated ATP production by SHP overexpression. The
[Ca2+]c increase in response to 10 mM glucose was also
potentiated in the Ad-SHP-infected group (Fig. 2C).
There was no difference in basal insulin secretion at 5 mM
glucose between the two groups (7·2�3·1 in control vs
6·1�1·8 (in Ad-SHP) ng/10 islets per h), but insulin
secretion in response to 10 mM glucose was much greater
in Ad-SHP-infected islets than in Ad-Null control
(28·6�5·2 vs 18·3�4·7) (Fig. 2E). There was also no
difference in glucose-mediated KATP channel inhibition,
[Ca2+]c increase and insulin secretion between no-virus-
infected and Ad-Null-infected groups, suggesting that
adenovirus infection itself has no significant effect on those
parameters (Zhou et al. 2003).

Impaired GSIS in UCP2-overexpressing islets is recovered by
overexpression of SHP

The same protocols of experiments were achieved on islet
cells or islets overexpressing UCP2. The glucose-stimulated
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Figure 1 Overexpression of UCP2 and/or SHP in INS-1 �-cells. (A) INS-1 �-cells were infected with either
Ad-Null, Ad-SHP, Ad-UCP2 or Ad-UCP2+Ad-SHP. The cells were cultured in the presence of 3 mM
glucose and harvested 48 h after infection, and total RNA was isolated. Total RNA (20 �g) was separated,
transferred to a nylon membrane and probed with the respective radiolabeled cDNA. Equivalent loading
of RNA was confirmed by 28S rRNA. (B) Quantitative comparison of UCP2 protein expression induced
by high glucose or different MOIs of Ad-UCP2 in INS-1 �-cells. INS-1 �-cells were infected with Ad-UCP2
(1, 10 or 100 MOI) or Ad-Null (100 MOI only) in the presence of low glucose (3 mM). At 24 h after
infection, a group of Ad-Null-infected cells were further exposed to high glucose (15 mM) for 48 h. Total
cell lysates were prepared and analyzed for UCP2 or actin Western blot.
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Figure 2 Effect of SHP overexpression on glucose sensitivity of islet cells. (A) Glucose-stimulated inhibition
of single KATP channel currents in no-virus-infected �-cells, or Ad-Null- or Ad-SHP-infected �-cells.
Cell-attached mode was at a holding potential of 0 mV. The vertical scales indicate the number of channels.
(B) Time course of the KATP channel inhibition by 10 mM glucose in no-virus-infected (n=5),
Ad-Null-infected (n=6) or Ad-SHP-infected (n=5) �-cells. Po measured in the presence of 10 mM glucose
was normalized relative to Po measured immediately before exposure to glucose (Poc). *P<0·05 compared
with the values measured at the same time in the Ad-Null-infected group. Glucose-stimulated [Ca2+]c
increase in Ad-Null-infected islet cells (n=23), Ad-SHP-infected islet cells (n=17) (C) or no-virus-infected
islet cells (n=21) (D). Insulin secretion in response to glucose from islets of no-virus-infected,
Ad-Null-infected or Ad-SHP-infected group (E). The number of data points (n) given above each bar was
obtained from at least three separate experiments. *P<0·05 compared with the values measured at 5 mM
glucose in the same group. #P<0·05 compared with the values measured at 10 mM glucose in the
Ad-Null-infected group. The symbols represent the means�S.E.M.
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KATP-channel inhibition in Ad-UCP2-infected �-cells
was considerably impaired (Fig. 3A and B). They
also failed to elicit glucose-stimulated [Ca2+]c increase
(Fig. 3C) and insulin secretion (Fig. 3D) during the
experiments. However, the impaired high-glucose
sensitivities were significantly recovered by simultaneous
overexpression of SHP and UCP2, comparable to
Ad-Null-infected cells.

SHP overexpression restores glucose-stimulated ATP
production and the ATP/ADP ratio in UCP2-overexpressing
islets

ATP and ADP levels and the ATP/ADP ratio among
no-virus-infected islets, and Ad-Null- and Ad-SHP-
infected islets were not different when measured after
48-h culture in the presence of 5 mM glucose (Table 1).

Figure 3 Effect of SHP overexpression on glucose sensitivity of UCP2-overexpressing islet cells.
(A) Glucose-stimulated inhibition of single KATP channel currents in Ad-UCP2-infected �-cells or
Ad-UCP2+Ad-SHP-infected �-cells. Cell-attached mode at a holding potential of 0 mV. The vertical scales
indicate the number of channels. (B) Time course of the KATP channel inhibition by 10 mM glucose in
Ad-UCP2- (n=5) or Ad-UCP2+Ad-SHP-infected (n=7) �-cells. The result from the Ad-Null group in Fig. 2 is
shown by the dashed line. Po measured in the presence of 10 mM glucose was normalized relative to Po
measured immediately before exposure to glucose (Poc). *P<0·05 compared with the values measured at
the same time in Ad-UCP2-infected group. (C) Glucose-stimulated [Ca2+]c increase in Ad-UCP2- (n=15)
or Ad-UCP2+Ad-SHP-infected (n=21) islet cells. (D) Insulin secretion from islets of Ad-UCP2- or
Ad-UCP2+Ad-SHP-infected group. The result from the Ad-Null group in Fig. 2 is also shown (left bars). The
number of data points (n) given above each bar was obtained from at least three separate experiments.
*P<0·05 compared with the values measured at 5 mM glucose in the same group. #P<0·05 compared with
the values measured at 10 mM glucose in the Ad-UCP2-infected group. The symbols represent means�S.E.M.
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However, Ad-UCP2-infected islets exhibited lower ATP
level and ATP/ADP ratio than Ad-Null-infected islets.
These impaired parameters were significantly improved
in the Ad-UCP2+Ad-SHP-infected group. After high
glucose stimulation for 3 min, increases of ATP content
and the ATP/ADP ratio in Ad-SHP-infected group were
significantly greater than in the Ad-Null-infected group
(P<0·05). In the Ad-UCP2-infected group, ATP contents
and the ATP/ADP ratio were remarkably lower, but they
were restored in the Ad-UCP2+Ad-SHP-infected group,
comparably to the Ad-Null-infected group.

The mechanism of SHP action on GSIS is not associated with
the glycolytic pathway

To rule out the possibility that SHP affects certain steps of
glycolysis, we used another insulin secretagogue, methyl-
pyruvate, which bypasses the cytosolic glycolytic pathway
and thus directly participates in mitochondrial oxidative
phosphorylation to produce ATP (Dukes et al. 1998).
The impaired methylpyruvate sensitivities of the Ad-
UCP2-infected group were significantly recovered by
concomitant SHP overexpression (Fig. 4), indicating that
sites responsible for the SHP action are downstream of
glycolysis.

Dihydroxyacetone-induced KATP channel inhibition

Dihydroxyacetone (DHA) gives FADH2 to complex II of
the mitochondrial electron transport system directly
through the glycerophosphate shuttle, bypassing the Krebs
cycle (Song et al. 1997). To elucidate the cause of reduced
GSIS in UCP2-overexpressing islets, we tested the DHA-
induced KATP channel inhibition in Ad-UCP2- and Ad-
Null-infected �-cells. Our hypothesis was that if the KATP
channel inhibition was normal in Ad-UCP2-infected
�-cells, the sites responsible for the impairment of high-
glucose sensitivity, that is, those responsible for reduced
ATP production by Ad-UCP2 infection, could be within
the Krebs cycle upstream of the electron transport system.

In fact, 20 mM of DHA externally applied inhibited the
KATP channel activity in Ad-UCP2-infected �-cells to the
same extent as in Ad-Null-infected controls (Fig. 5A),
being able to show downward spikes as an indirect
evidence of cellular depolarization in the cell-attached
mode (Song et al. 1997). This finding revealed that a defect
of GSIS in UCP2-overexpressing �-cells may be due
to not only UCP2-mediated proton leak in response to
incoming reducing equivalents, but also reduced metab-
olism of glucose metabolites in the Krebs cycle secondary
to UCP2 overexpression. Moreover, SHP overexpression
did not further increase the DHA-mediated KATP channel
inhibition, suggesting that SHP exerts its effect in the
Krebs cycle followed by the electron transport system.
Figure 5B illustrates the changes in GSIS after pretreat-
ment with 3 mM sodium azide, a mitochondrial metabolic
inhibitor. Sodium azide remarkably inhibited the increas-
ing effect of SHP on GSIS in the Ad-SHP- and Ad-
UCP2+Ad-SHP-infected groups compared with the Ad-
Null and Ad-UCP2 groups respectively, indicating that
mitochondrial metabolism is critical for the glucose-
induced insulinotropic effect of SHP.

PPAR� activation is not critical for the SHP effect on GSIS

To investigate whether the potential activation of PPAR�
by intentional SHP overexpression affects GSIS or not, we
pretreated islets with 10 µM GW9662, a PPAR� antag-
onist, at the time when Ad-UCP2 and Ad-SHP were
introduced in the media containing islets. The increase of
GSIS by SHP in Ad-UCP2-infected islets was not attenu-
ated by the pretreatment of GW9662 (Fig. 6), excluding
that the effect of SHP on GSIS increase is mediated
through PPAR� activation.

Discussion

Impaired glucose sensitivity of �-cells is a major cause of
prolonged postprandial hyperglycemia (Pratley & Weyer

Table 1 Effect of SHP on ATP and ADP levels and the ATP/ADP ratios in normal or UCP2-overexpressing islets. For measurement of the
immediate changes in ATP and ADP contents after high-glucose stimulation, islets were exposed to 15 mM glucose for 3 min at 37 �C.
Values are means � S.E.M. of three independent experiments. #P 0·05; *P 0·05 compared to Ad-Null group; †P compared to Ad-UCP2
group

No virus Ad-Null Ad-SHP Ad-UCP2 Ad-UCP2+Ad-SHP

Glucose, 5 mM
ATP, pM/islet 5·3�1·5 5·1�1·4 4·7�2·1 3·3�1·2* 6·0�1·4†

ADP, pM/islet 4·7�0·5 4·6�0·7 4·1�0·4 4·9�0·5 4·3�0·3
ATP/ADP ratio 1·1�0·3 1·1�0·3 1·1�0·5 0·7�0·3* 1·4�0·3†

Glucose 15 mM
ATP, pM/islet 7·9�2·1 8·0�1·7 12·1�2·8# 4·5�0·3* 9·5�1·9†

ADP, pM/islet 3·3�0·5 3·7�0·6 2·9�0·3 4·2�0·8* 3·0�0·4
ATP/ADP ratio 2·4�0·5 2·2�0·4 4·2�0·8# 1·1�0·4* 3·2�0·9†
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2001). Tissues chronically exposed to elevated glucose and
free fatty acid levels (Bruce et al. 1988) develop various
diabetic complications. Since the GSIS defect can be
readily observed in subjects at high risk of developing
diabetes (Yalow & Berson 1960), early correction is
important for prevention and treatment of diabetes.

MODY-3 patients lacking dominant HNF1� function
manifest a considerable proportion of SHP mutations with
reduced GSIS, insulin synthesis and �-cell differentiation
(Shih et al. 2001). The mechanism of action of HNF1�
associated with GSIS, however, seems to involve the
glycolytic pathway upstream of mitochondrial oxidative
metabolism.

Here we showed that an orphan nuclear receptor, SHP,
positively regulated GSIS when overexpressed in islets.
KATP channel inhibition and substantial ATP production
following high glucose exposure were also enhanced
by SHP overexpression. Moreover, SHP overexpression
improved impaired GSIS in UCP2-overexpressing islets.
We examined whether, like UCP2, SHP action was
associated with mitochondrial metabolic activity. When
Ad-UCP2-infected islets were stimulated with methyl-
pyruvate, another energy fuel that bypasses glycolysis,
insulin secretion was impaired, and this impairment was
restored by SHP overexpression. Furthermore, when
stimulated with DHA that bypasses both glycolysis and the

Figure 4 Effect of SHP overexpression on methylpyruvate sensitivity of UCP2-overexpressing islet cells. (A) Methylpyruvate-stimulated
inhibition of single KATP channel currents in Ad-Null-infected, Ad-UCP2-infected or Ad-UCP2+Ad-SHP-infected �-cells. Cell-attached mode
at a holding potential of 0 mV. The vertical scales indicate the number of channels. (B) Time course of the KATP channel inhibition by
10 mM methylpyruvate in Ad-Null-infected (n=4), Ad-UCP2-infected (n=5) or Ad-UCP2+Ad-SHP-infected (n=5) �-cells. Po measured in
the presence of 10 mM methylpyruvate was normalized relative to the Po measured immediately before exposure to methylpyruvate (Poc).
*P<0·05 compared with the values measured at the same time in the Ad-UCP2-infected group. (C) Insulin secretion in response to
methylpyruvate from islets of Ad-Null-, Ad-UCP2- or Ad-UCP2+Ad-SHP-infected group. The number of data points (n) given above each
bar was obtained from at least three separate experiments. *P<0·05 compared with the values measured at 3 mM methylpyruvate in the
same group. #P<0·05 compared with the values measured at 10 mM methylpyruvate in the Ad-UCP2-infected group. The symbols
represent means�S.E.M.
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Krebs cycle to produce ATP, no defect in DHA-induced
KATP channel inhibition was observed in Ad-UCP2-
infected cells compared with Ad-Null- and Ad-UCP2+
Ad-SHP-infected cells. These data suggest that the
metabolic sites impaired by UCP2 and restored by SHP
are within the Krebs cycle downstream of glycolysis and
upstream of the electron transport system. Further evi-
dence for this proposal was that sodium azide, a mitochon-
drial metabolic inhibitor, totally blocked SHP-mediated
increases in insulin responses in Ad-Null-infected and
Ad-UCP2-infected cells.

�-cell mitochondrial metabolism is closely linked to
insulin secretion via changes in the ATP/ADP ratio. It
appears that nuclear receptors in �-cells can modulate
transcription of mitochondrial metabolic enzyme genes
(Ogata et al. 2002). Indeed, inhibition of nuclear receptor
HNF1� activity in �-cells reduced expression of genes
related to mitochondrial energy metabolism, but dramati-

cally increased mitochondrial UCP2 mRNA and protein
levels (Wang et al. 2000). A major aim of future studies
should be to identify mitochondrial metabolism genes or
proteins whose expression is regulated by SHP.

Brown et al. (1999) demonstrated that the tyrosine-
based PPAR� agonist GW1929 restored biphasic insulin
secretion in a glucose-dependent manner in Zücker dia-
betic fatty rats. Yajima et al. (2003) reported that piogli-
tazone, another PPAR� agonist, restored GSIS in db/db
mice. However, the increased GSIS following SHP over-
expression shown in the present study was not likely to be
due to SHP-induced PPAR� activation since the PPAR�
antagonist GW9662 did not prevent this increase. Con-
sistent with this finding, a recent report showed that
overexpression of the PPAR� coactivator (PGC)-1�,
which shares with SHP the ability to increase PPAR�
activity, decreased GSIS in islets in vitro and in live mice
(Yoon et al. 2003).

Figure 5 Dihydroxyacetone (DHA)-stimulated KATP channel inhibition in Ad-Null-, Ad-UCP2- or Ad-UCP2+Ad-SHP-infected �-cells.
(A) Cell-attached mode at a membrane potential of 0 mV. DHA (20 mM) was applied to the bath solution as indicated by the bars. The
vertical scales indicate the number of channels. The downward spikes representing cellular depolarization are also shown. (B) Effects
of pretreatment with a mitochondrial metabolic inhibitor sodium azide (3 mM) on insulin secretion in response to glucose in
no-virus-infected, Ad-Null, Ad-SHP, Ad-UCP2 or Ad-UCP2+Ad-SHP group. The number of data points (n) given above each bar was
obtained from at least three separate experiments. The symbols represent means�S.E.M.
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In conclusion, the present data indicate that SHP
overexpression in �-cells increases GSIS through increas-
ing the ATP/ADP ratio rather than through transcrip-
tional activation of PPAR�. This study suggests that
modulators which can upregulate SHP expression and/or
potentiate SHP transcriptional activation activity may
be new therapeutic candidates for improving glucose
sensitivity in diabetic �-cells.
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