
Several mitochondrial disorders linked to mutations in the

mitochondrial genome, such as myoclonic epilepsy with

ragged-red fibres, mitochondrial myopathy, encephalopathy,

lactic-acidosis and stroke-like episodes, and maternally

inherited diabetes and deafness (MIDD), are associated

with diabetes mellitus (Reardon et al. 1992; van den

Ouweland et al. 1992; Gerbitz et al. 1993; and see reviews in

Maassen & Kadowaki, 1996; Simon & Johns, 1999).

Mitochondrial oxidative phosphorylation plays a crucial

role in glucose-induced insulin secretion in pancreaticb cells. Energy supply in mitochondrial metabolism

accounts for 98 % of the total ATP production of islets

when challenged with high glucose (Erecinska et al. 1992).

Increase in ATP/ADP as a consequence of glucose

metabolism blocks ATP-sensitive K+ (KATP) channels

followed by plasma membrane depolarization. This results

in activation of voltage-dependent Ca2+ channels (VDCCs)

and an increase in the cytosolic Ca2+ concentration

([Ca2+]i), which is a key regulator of insulin secretion

(Ashcroft & Rorsman, 1989). There have been several lines

of in vitro experiments revealing impaired glucose-

stimulated insulin secretion associated with mitochondrial

dysfunction by depleting mitochondrial DNA of b cell

lines with chemicals (Soejima et al. 1996; Hayakawa et al.
1998; Kennedy et al. 1998; Tsuruzoe et al. 1998) or

overexpressing uncoupling proteins (Chan et al. 1999;

Hong et al. 2001). More recently, a mouse model for

mitochondrial diabetes was created by tissue-specific

disruption of mitochondrial transcription factor A (Silva

et al. 2000). The refractoriness of insulin secretion to

glucose was reported to be due to compromised ATP

production via a mitochondrial oxidative phosphorylation

pathway (Kennedy et al. 1998; Tsuruzoe et al. 1998; Hong

et al. 2001). Likewise, the reduced increase in [Ca2+]i in
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response to glibencramide, a potent sulphonylurea, has

been reported in a b cell line losing mitochondrial DNA

(Tsuruzoe et al. 1998). The mechanisms of impaired

[Ca2+]i increase in the cells with mitochondrial dysfunction,

however, remain to be elucidated.

The pancreatic b cell line MIN6 retains the ability to

secrete insulin in response to the physiological glucose

concentration (Miyazaki et al. 1990). Furthermore, the

characteristics of glucose transport and metabolism in

MIN6 cells closely resemble those of isolated islets (Ishihara

et al. 1993) and the increase in [Ca2+]i depends on glucose

metabolism (Sakurada et al. 1993). Taken together, the

features of this cell line make it a suitable model for

studying regulation of [Ca2+]i and ionic currents induced

by glucose or other secretagogues.

In the present study, we overexpressed uncoupling protein 1

(UCP1) using gene transduction with adenovirus and

switched the energy produced by oxidation of substrates

from the phosphorylation of ADP to the formation of

heat (Casteilla et al. 1990). The effects of mitochondrial

dysfunction were studied on ionic currents, regulation of

[Ca2+]i and insulin secretion stimulated by several secreta-

gogues in MIN6 cells. The UCP1-expressing cells showed

refractoriness not only to nutrients but also to tolbutamide,

although the effects of KCl were preserved. The possible

mechanisms of the refractoriness to these secretagogues

are discussed.

METHODS 
Reagents and solutions
Dulbecco’s modified Eagle’s medium (DMEM), tolbutamide and
amphotericin B were from Sigma Chemical Co. (St Louis, MO,
USA). Fura-2 acetoxymethyl ester was purchased from Dojindo
(Kumamoto, Japan). Adenosine-5‚-triphosphate (ATP-2Na),
adenosine-5‚-diphosphate (ADP-Na) and guanosine-5‚-tri-
phosphate (GTP-2Na) were obtained from Boehringer Mannheim
GmbH (Mannheim, Germany). Krebs–Ringer-bicarbonate buffer
solution (KRBB) was composed of (mM): 109 NaCl, 4.7 KCl,
2 CaCl2, 1.2 MgCl2, 1.2 KH2PO4 and 25 NaHCO3 (pH 7.4, adjusted
with 10 mM Hepes–NaOH). In the patch-clamp experiment, the
pipette solution for measurements of Ca2+ channel current was
composed of the following to keep potassium channel currents as
minimal as possible (mM): 75 aspartate, 30 tetraethylammonium
chloride, 1 CaCl2, 3 MgCl2, 11 EGTA, 3 ATP-2Na, 0.1 GTP-2Na
and 11 Hepes (pH 7.2, adjusted with CsOH; final Cs+ concentration
was 102 mM with an osmolarity of 250 mosmol l_1). The external
solution contained (mM): 120 Tris-Cl, 2 CaCl2 and 10 Hepes
(pH 7.3, adjusted with HCl; 245 mosmol l_1). KATP channel
current was measured using perforated and conventional whole-
cell clamp configurations. In the perforated mode, the pipette
solution contained (mM): 40 K2SO4, 50 KCl, 2 MgCl2, 0.5 EGTA
and 10 Hepes (pH 7.2, adjusted with KOH; K+ concentration of
135 mM and 235 mosmol l_1). The solution also contained
amphotericin B (dissolved in DMSO as 6 mg (100 ml)_1) at a final
concentration of 240 mg ml_1. In the conventional whole-cell
mode, the internal solution contained (mM): 50 KCl, 35 K2SO4,

2 MgCl2, 11 EGTA, 1 CaCl2, 0.1 ATP-2Na, 0.1 ADP-Na and 11 Hepes
(pH 7.2, adjusted with KOH; 150 mM K+ and 238 mosmol l_1).

Generation of recombinant adenoviruses
Murine UCP1 cDNA (Kozak et al. 1988) was from Professor Leslie
P. Kozak (Pennington Biomedical Research Center, Baton Rouge,
LA, USA). Recombinant adenoviruses bearing murine UCP1
cDNA were generated as described previously (Niwa et al. 1991;
Miyake et al. 1996). As a control, a recombinant adenovirus bearing
the bacterial b-galactosidase gene (Adex1CAlacZ) was used
(Kanegae et al. 1995).

Culture and adenovirus infection of MIN6 cells
MIN6 cells were from Professor J.-I. Miyazaki (Osaka University,
Osaka, Japan). The cells at passage 23–30 were cultured in DMEM
supplemented with 25 mM glucose, 50 mg l_1 streptomycin,
75 mg l_1 penicillin and 15 % fetal calf serum under the condition
of 5 % CO2 and 95 % air at 37 °C as described previously (Ishihara
et al. 1996). The cells were incubated in media containing the
adenoviruses for 1 h at 37 °C, and the growth medium was then
added. Recombinant adenoviruses were used with a mutiplicity of
infection (m.o.i.) of between 30 and 50. Three days later, the cells
were seeded in a 24-well multiwell plate or a 25 cm2 culture bottle.
Two days later, the assays were performed.

Western blotting
The MIN6 cell lysates (10 mg per protein lane) were subjected to
SDS–PAGE (10 %) and then probed with anti-UCP1 antiserum
(Casteilla et al. 1990), from Professor D. Ricquier (CNRS, Meudon,
France). Blots were developed using ECL reagents (Amersham,
Buckinghamshire, UK).

Measurement of ATP
Two hundred thousand cells in each group of the controls or
UCP1-expressing MIN6 cells were incubated in 1 ml of DMEM
in 24-well plates at 37 °C. Following preincubation with KRBB
containing 3 mM glucose and 0.1 % bovine serum albumin (BSA)
for 30 min, the cells were washed twice with KRBB and incubated
in 1 ml of KRBB with the indicated concentrations of glucose (3
and 30 mM) for 90 min. Incubations were stopped by cooling the
plate on ice and addition of 77 ml of 70 % perchloric acid (v/v),
then the cells were scraped and disrupted by sonication. Cell
extracts were subsequently neutralized to pH 7.0–7.5 with 96 ml of
10 M NaOH. ATP content of the islets was then determined using
an ATP determinant kit (Molecular Probes, Eugene, OR, USA) on
an LKB luminometer. Protein content of the same sample was
determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules,
CA, USA).

Measurement of [5-3H]glucose utilization and
[2-3H]glycerol metabolism
Glucose utilization estimated by conversion of [5-3H]glucose into
3H2O and glycerol metabolism estimated by conversion of
[2-3H]glycerol into 3H2O were measured as described previously
(Ishihara et al. 1993; Ishihara et al. 1996).

Measurement of [Ca2+]i

Cytosolic [Ca2+]i was measured by dual-wavelength fura-2 micro-
fluorometry as has been reported (Yaekura et al. 1996). Single cells
on coverslips were incubated with 1 mM fura-2 acetoxymethyl
ester for 30 min at 37 °C in KRBB containing 3 mM glucose and
0.1 % BSA. The fura-2-loaded cells were excited at 340 and 380 nm
alternately, the emission signals at 510 nm were detected every
2.5 s by an intensified charge-coupled device (ICCD) camera, and
the ratio was produced by an Argus-50 system (Hamamatsu
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Photonix, Hamamatsu, Japan). Ratio values were converted to
[Ca2+]i according to calibration curves obtained from the
relationship between the free Ca2+ concentration and the ratio
determined in a cytosol-mimicking solution using calcium–EGTA
buffer and fura-2 free acid.

Measurement of insulin secretion
Insulin secretion was determined using a static incubation
method (60 min) as described previously (Ishihara et al. 1996).
Briefly, 2 w 105 MIN6 cells were incubated for 30 min in KRBB
containing 3 mM glucose and 0.1 % BSA for stabilization. The cells
were then incubated at 37 °C for 60 min in 1 ml test solutions.
Incubations were stopped by cooling on ice and after centrifugation
aliquots were collected for insulin assay using an enzyme
immunoassay kit (Morinaga, Yokohama, Japan).

Electrophysiology
A standard patch-clamp technique (Hamill et al. 1981) was used
to record KATP channel or VDCC currents. The current was
recorded using an amplifier (Axopatch 200B, Axon Instruments,
Inc., Union City, CA, USA) and stored on a PCM digital data
recorder (TEAC, RD-125T, Tokyo, Japan). Replayed data were
then processed using a low-pass filter (24 dB octave_1, NF
E-3201A, Tokyo, Japan) at a cut-off frequency of 1 kHz, and
stored for later analysis in a computer (IBM, Tokyo, Japan) with
pCLAMP6 software. The experiments were performed at room
temperature (22–25 °C).

Statistical analysis
All values were presented as mean ± S.E.M. Student’s unpaired t
test was used to analyse the significance of measurements between
two groups. In the case of more than three groups, one-way
analysis of variance was used to evaluate the significance. The
Scheffé post test was used to compare pairs of group means. The
value of P < 0.05 was taken as a significant difference.

RESULTS
Expression of UCP1 protein in MIN6 cells
We initially compared UCP1 protein levels to confirm that

the transfection using adenovirus had succeeded (Fig. 1A).

In Western blot analysis, UCP1 protein was undetectable in

the control MIN6 cells in accordance with the finding that

only UCP2 is expressed in pancreatic islets (Fleury et al. 1997;

Shimabukuro et al. 1997). However, a large amount of

protein at the position of 32 kDa was successfully found in

the cells infected with murine UCP1 cDNA.

Overexpression of UCP1 abolishes glucose-induced
increase in cytosolic ATP levels
Intracellular ATP levels were measured after static

incubation with different concentrations of glucose

(Fig. 1B). There was no significant difference in the ATP

contents under 3 mM glucose between the controls and

UCP1-expressing cells (105 ± 20 and 79 ± 25 pmol (mg

protein)_1, respectively; P = 0.70). The ATP content was

significantly increased by treating with 30 mM glucose in the

control (P < 0.01), but not in UCP1-expressing cells. The

values were 203 ± 22 and 103 ± 21 pmol (mg protein)_1 in

the control and UCP1 groups, respectively, and significantly

different (P < 0.01). 3H2O production from [5-3H]glucose

was not different between the controls and UCP1-expressing

cells, nor was 3H2O production from [2-3H]glycerol (Fig. 1C
and D). These findings suggest that overexpression of UCP1

neither influenced glycolytic flux nor glycerol phosphate

shuttle activity, although the amount of 3H2O production

from [2-3H]glycerol may not have precisely reflected the

H2O originating from the glycerol phosphate shuttle (Giroix

et al. 1992).
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Figure 1. Expression of UCP1
and its influence upon glucose
metabolism
A, Western blot analysis of UCP1
protein in MIN6 cells infected with a
recombinant adenovirus with
Escherichia coli lacZ or with murine
UCP1 cDNA. B, ATP content in
MIN6 cells using static incubation
for 90 min at the indicated glucose
concentrations. C and D, glucose
utilization and glycerol phosphate
flux were measured at the indicated
glucose concentrations.



UCP1-expressing cells show an inability to increase
[Ca2+]i and insulin secretion in response to nutrients
The [Ca2+]i levels in response to 30 mM glucose were

compared between the controls and UCP1-expressing

cells (Fig. 2A). The peak [Ca2+]i levels measured during

exposure to glucose were significantly lower in UCP1-

expressing cells than in the control cells (258 ± 7 and

138 ± 6 nM in the control and UCP1 groups, respectively;

P < 0.01). We then compared insulin secretion in response

to various concentrations of glucose using static

incubation between the two groups (Fig. 2B). Insulin release

was significantly increased at glucose concentrations

≥ 10 mM in the control compared with that at 1 mM

glucose (P < 0.05 at 10 mM and P < 0.01 at 15 and 25 mM

glucose). Furthermore, it was also significantly increased

at glucose concentrations ≥ 15 mM in the UCP1-

expressing group (P < 0.01 at 15 and 25 mM glucose). The

insulin secretion of the UCP1 group was significantly

lower at 15 and 25 mM glucose compared with those of the

control in each corresponding condition (in the control vs.
UCP1 groups, 454 ± 33 and 299 ± 34 ng (mg protein)_1 h_1

at 15 mM glucose, P < 0.01; 759 ± 33 and 368 ± 23 ng

(mg protein)_1 h_1 at 25 mM glucose, P < 0.01).

A similar analysis was performed with respect to 20 mMa-ketoisocaproate (KIC; Fig.3A). Consistent with the findings

of glucose stimulation, the peak [Ca2+]i levels induced by

KIC was significantly lower in the UCP1-expressing cells

than in the control cells (307 ± 14 and 193 ± 8 nM in the

control and UCP1 groups, respectively; P < 0.01). The

UCP1-expressing cells lost the ability to release insulin in

response to a ketoisocaproate at concentrations ≥ 5 mM,

whereas glucose greater than 10 mM retained some

stimulatory action (Figs 2B and 3B). This may be due to the

ATP-producing effect of glucose metabolism to some

extent through glycolysis as compared to the KIC, which is

exclusively a mitochondrial substrate.

The frequency of initial reduction in [Ca2+]i levels between

two groups was not different in either glucose stimulation

(80 and 83 % in the control and UCP1 groups, respectively;

P = 0.58, chi-square test for independence) or KIC

stimulation (71 and 81 % in the control and UCP1 groups,

respectively; P = 0.07). The initial lowering of [Ca2+]i levels

is reportedly due to ATP-dependent activation of Ca2+-

ATPase (Chow et al. 1995). Therefore, UCP-1-independent

ATP production may be involved in the Ca2+ lowering

effect or a minimum increase of ATP may be enough to

sequestrate intracellular Ca2+.
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Figure 2. UCP1-expressing cells showed reduced
responsiveness to glucose
A, the cells were superfused with KRBB containing 3 mM glucose
for 5 min before changing to KRBB supplemented with 30 mM

glucose. Tracings are representative in controls (n = 100) or
UCP1-expressing cells (n = 102). B, insulin secretions stimulated
by the indicated glucose concentrations for 60 min are shown.

Figure 3. UCP1-expressing cells exhibited low
responsiveness to a-ketoisocaproate (KIC)
A, the same protocols as in Fig. 2 were used except for exposure to
20 mM KIC instead of glucose. Tracings are representative in
controls (n = 82) or UCP1-expressing cells (n = 82). B, insulin
secretions stimulated by 3 mM glucose and the indicated
concentrations of KIC for 60 min are shown.



Effects of tolbutamide and KCl on both [Ca2+]i and
insulin release
The [Ca2+]i levels in response to 0.3 mM tolbutamide or

22 mM KCl (Figs 2A and 3A) were compared between the

controls (n = 182) and UCP1-expressing cells (n = 184). The

[Ca2+]i levels at the basal state (3 mM glucose) were not

significantly different between the control (65 ± 2 nM) and

UCP1 groups (68 ± 2 nM; P = 0.36). The peak [Ca2+]i levels

induced by tolbutamide were significantly different between

the two groups (329 ± 6 and 287 ± 6 nM in the control and

UCP1 groups, respectively; P < 0.01). In contrast, the peak

[Ca2+]i levels of the two groups were comparable in the case

of KCl stimulation (445 ± 5 and 435 ± 5 nM in the control

and UCP1 groups, respectively; P = 0.14).

The [Ca2+]i levels in response to tolbutamide was dose-

dependently elevated by increasing the concentration in

both groups, although the [Ca2+]i response at each

concentration in the UCP1-expressing cells was lower

(Fig. 4A). In the dose–response relations for tolbutamide

concentrations, the line representing the percentage of cells

revealing a [Ca2+]i increase ≥ 3-fold the basal levels was

shifted to 2.5-fold higher concentrations of tolbutamide in

the UCP1 group (Fig. 4B).

Dose–response relations for insulin secretion stimulated

by tolbutamide were shifted toward the right, showing less

secretion at the concentrations of 0.1 and 0.3 mM in the

UCP1-expressing cells (Fig. 4C). There was no difference

in insulin secretion by 22 mM KCl between the two groups.

UCP1-expressing cells show upregulated activity of
KATP channels
It is suggested that downregulation of VDCCs or

upregulated activity of KATP channels may be a cause of

impaired [Ca2+]i increase in response to tolbutamide in the

UCP1-expressing cells. Therefore, we measured the activity

of these channel currents. The current–voltage relations of

VDCCs plotted as current densities against the membrane

potentials showed no difference in the activity of VDCCs

between the two groups (Fig. 5).
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Figure 4. UCP1-expressing cells showed low response to
tolbutamide in both [Ca2+]i increases and insulin
secretion
A, [Ca2+]i in response to tolbutamide at the indicated
concentrations was measured. Tracings are representative in
controls (n = 83) or UCP1-expressing cells (n = 84). The glucose
concentration was 3 mM throughout these experiments.
B, percentage of cells showing an increase in the peak [Ca2+]i

levels ≥ 3-fold basal levels was plotted against the indicated
concentration of tolbutamide. C, insulin secretion at the indicated
concentrations of tolbutamide or 22 mM KCl under static
incubation for 60 min.

Figure 5. Current–voltage relations of VDCC current
density
The cells were whole-cell clamped at the holding potential
of _70 mV and depolarized to various potentials with a pulse
duration of 100 ms at 0.2 Hz. The peak amplitude of Ca2+ channel
current was measured and it was divided by the cell capacitance
determined by the amplifier. The cell capacitance of controls and
UCP1-expressing cells was 5.4 ± 0.5 (n = 8) and 5.7 ± 0.4 pF
(n = 8), respectively.



KATP channel currents were recorded using the perforated

whole-cell clamp mode during exposure to various

concentrations of tolbutamide in the controls and UCP1-

expressing cells (Fig. 6A). In UCP1-expressing cells, a

significantly greater conductance density of the KATP

channels was observed under the condition without

tolbutamide (385 ± 153 and 2300 ± 520 pS pF_1 in the

control and UCP1 groups, respectively; P < 0.01). The

UCP1-expressing cells were significantly hyperpolarized at

the basal state. The resting membrane potentials measured

in the controls and UCP1-expressing cells were _64.6 ±

0.9 (n = 8) and _70.8 ± 0.4 mV (n = 6), respectively

(P < 0.01). KATP channel currents were dose-dependently

inhibited by tolbutamide in both groups. The conductance

density of the UCP1-expressing cells was approximately

6-fold greater at each concentration, although only the

difference for 0.001 mM tolbutamide was significant

(327 ± 137 and 1790 ± 442 pS pF_1 in the control and

UCP1 groups, respectively; P < 0.01). However, the

blocking efficacies of tolbutamide between the two groups

were equivalent when the conductance density was

normalized to that without tolbutamide (Fig. 6B). The

values of half-maximal inhibition of KATP channel

conductance density for tolbutamide concentration (IC50)

and the 95 % confidence intervals (shown in parentheses)

in controls and UCP1-expressing cells were 6.6 (3.4, 8.9)

and 4.2 (2.5, 5.9) mM, respectively. The concentration of

tolbutamide required to reduce the KATP channel currents

of UCP1-expressing cells to the same levels as of the

control cells was calculated to be 27 ± 6.0 w [TB]control mM,

assuming that the IC50 values in both groups were equal to

5.4 mM, where [TB]control was tolbutamide concentration

applied to the control cells. We then measured the

conductance density under the conventional whole-cell

mode condition where cytosolic nucleotide concentrations

were nearly fixed to that of the pipette solution (Fig. 7A).

The conductance density was also greater in the UCP1

group than the control at the basal state (2240 ± 248 and

3800 ± 633 pS pF_1 in the control and UCP1 groups,

respectively; P < 0.05). IC50 values and the 95 % confidence

intervals for the inhibitory action of tolbutamide in the

control and UCP1-expressing cells were 3.4 [2.4, 4.3] and

4.7 [2.6, 6.8] mM, respectively. The blocking effects of

tolbutamide in the two groups were comparable (Fig. 7B).

Under these conditions, KATP channel conductance of the

UCP1 group at each concentration was approximately

1.7-fold increased compared with the control.

Difference of the efficacy of tolbutamide between
[Ca2+]i or insulin measurements and patch-clamp
experiments
The efficacy of tolbutamide appeared to be lower in [Ca2+]i

and insulin measurements than in patch-clamp

experiments. This was due to the difference in compositions

of KRBB used in these experiments. KRBB containing

0.1 % BSA was used in the experiments of [Ca2+]i and

insulin measurements, whereas KRBB without BSA was

used in patch-clamp experiments. Tolbutamide has the

character to bind extensively to albumin in the solution

and the extent of tolbutamide binding was reported to

range from 80 to 99 % of total concentrations (Wishinsky

et al. 1962; Judis 1972; Crooks & Brown, 1974; Zini et al.
1976). Therefore the free fraction of tolbutamide may be
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Figure 6. UCP1-expressing cells exhibited upregulated
activity of the KATP channel
A, dose–response relations for tolbutamide-induced conductance
reduction in the KATP channel. Values were obtained in the
perforated whole-cell clamp mode. The KATP channel current was
measured at the holding potential of _70 mV with repetitive
depolarization to _60 mV at 0.2 Hz. Conductance density was
calculated from the slope conductance between these potentials
and the cell capacitance. The cell capacitance of controls and
UCP1-expressing cells was 4.9 ± 0.5 (n = 8) and 4.6 ± 0.3 pF
(n = 8), respectively. The glucose concentration was 3 mM

throughout these experiments. B, conductance density was
normalized to that obtained in the absence of tolbutamide. The
curves were drawn according to the following equation,
normalized conductance = 1/(1 + [TB]/IC50), where [TB] is
tolbutamide concentration.



up to two orders of magnitude lower in the presence of

BSA than in its absence. We tested the effect of BSA on

tolbutamide sensitivity using conventional whole-cell

configuration in the control cells. When the conductance

density was normalized and fitted to the same equation in

Fig. 6B, blocking efficacy of tolbutamide in the KRBB with

0.1 % BSA was decreased to 1/10 compared with the KRBB

without BSA. The IC50 value and 95 % confidence interval

for the inhibitory action of tolbutamide in the presence of

0.1 % BSA were 36 (24, 51) mM (n = 5).

DISCUSSION 
In the present study, UCP1-expressing MIN6 cells were

studied with respect to insulin secretion and [Ca2+]i in

response to several secretagogues, and the current density

of VDCCs and the conductance density of KATP channels

were evaluated. Overexpression of UCP1 abolished the

increase in ATP content induced by glucose but neither

glucose utilization nor glycerol phosphate flux was affected

(Fig. 1). These findings are consistent with those of a recent

study where both UCP2- and UCP3-expressing INS-1 cells

did not have an effect on glucose oxidation but did affect

lipid oxidation (Hong et al. 2001). Similarly, the ability of

mitochondrial DNA-depleted cells to produce ATP in

response to glucose was completely abolished (Kennedy et
al. 1998; Tsuruzoe et al. 1998).

UCP1-expressing cells did not respond to nutrients, as

is consistent with previous findings compromising

mitochondrial function using chemicals (Soejima et al.
1996; Hayakawa et al. 1998; Kennedy et al. 1998; Tsuruzoe

et al. 1998), cell-engineering technique (Chan et al. 1999;

Hong et al. 2001) or gene targeting (Silva et al. 2000). The

impairment of glucose- or KIC-stimulated insulin secretion

in UCP1-expressing cells may be due to a disturbance

somewhere in the process from the metabolism of these

nutrients up to the increase in [Ca2+]i (Figs 2 and 3). Loss of

responsiveness in the [Ca2+]i increase to glucose has also

been observed in mitochondrial DNA-depleted cells

(Tsuruzoe et al. 1998) and in the islets of mitochondrial

transcription factor A knockout mice (Silva et al. 2000).

The mitochondrial metabolism plays a crucial role in ATP

production stimulated by glucose in pancreatic b cells

(Erecinska et al. 1992). Therefore, the cells with dysfunction

of mitochondrial oxidative phosphorylation may fail to

shut KATP channels and may be unable to depolarize the

plasma membrane potential upon nutrient challenge. This

results in less activation of VDCCs associated with an

impaired increase in [Ca2+]i. Overexpression of UCP1 was

suggested to induce dissipation of the mitochondrial

membrane potential and reduce the electromotive force of

H+ influx across the inner membrane for conversion of

ADP to ATP (Casteilla et al. 1990). Glucose hyperpolarized

mitochondrial membrane potential, which oscillates in

parallel with [Ca2+]i (Krippeit-Drews et al. 2000). Likewise,

intra-mitochondrial Ca2+ oscillation has been suggested to

synchronize with cytosolic Ca2+ oscillation (Nakazaki et al.
1998). Taken together, the decrease in nutrient-induced

insulin secretion in UCP1-expressing cells may result from

inability to produce ATP.

UCP1-expressing cells showed refractoriness not only to

nutrients but also to tolbutamide (Fig. 4). Dose–response

relations for insulin secretion stimulated by tolbutamide

were shifted toward the right and the [Ca2+]i elevation in

response to tolbutamide was decreased compared with the

control cells. This was not due to abnormalities in VDCCs

concerning either the channel density or voltage sensitivity

(Fig. 5). In addition, depolarization induced by 22 mM KCl
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Figure 7. Conductance density of the KATP channel in the
conventional whole-cell clamp mode
A and B, the same protocol and analysis as in Fig. 6 were
performed, except for the use of the conventional whole-cell clamp
mode instead of the perforated whole-cell clamp mode. The
glucose concentration was 3 mM throughout these experiments.
The values of cell capacitance of controls and UCP1-expressing
cells were 4.6 ± 0.3 (n = 10) and 4.4 ± 0.2 pF (n = 10).



showed comparable effects on both [Ca2+]i increase and

insulin secretion between the two groups, indicating Ca2+-

induced insulin secretion was preserved in the UCP1-

expressing cells. The primary cause of tolbutamide

insensitivity in the UCP1-expressing cells may lie at a site

proximal to VDCCs. The present findings suggest that

upregulated activity of the KATP channels may, therefore,

cause the refractoriness to tolbutamide in UCP1-

expressing cells. In the perforated whole-cell clamp mode,

the increased KATP channel conductance resulted in

significantly more hyperpolarization of the resting

membrane potential in UCP1-expressing cells and more

than 6-fold higher concentrations of tolbutamide were

required to reduce the KATP channel currents of UCP1-

expressing cells to the same levels as the control cells

(Fig. 6). Thus, the increase in the resting membrane

conductance may result in less depolarization during

exposure to tolbutamide. In a transgenic mouse having

KATP channels insensitive to elevated cytoplasmic

ATP/ADP in b cells, increased KATP channel activity led to

decreased insulin secretion and development of diabetes

mellitus (Koster et al. 2000).

It is not known why the KATP channel conductance density

is higher in the UCP1-expressing cells. The channel was

reportedly modulated by various factors such as ADP, H+

and divalent cations at the cytoplasmic side (Kakei et al.
1986; Ashcroft & Rorsman, 1989; Koyano et al. 1992).

When KATP channel conductance was compared between

the two groups in the absence of tolbutamide, the

magnitude of the increase in the UCP1 group against the

control was much greater in the perforated whole-cell

mode than that in the conventional whole-cell mode

(6-fold and 1.7-fold in the perforated and conventional

whole-cell mode, respectively; Figs 6A and 7A). Cytosolic

nucleotide concentrations may be kept in a near-

physiological condition in the perforated whole-cell mode

whereas these ought to be determined by the composition

of the pipette solution in the conventional whole-cell

mode. These findings suggest that cytoplasmic ATP levels

and/or the ratio of ATP to ADP underneath the plasma

membrane may be lower and the activity of the KATP

channels may be consequently enhanced in intact UCP1-

expressing cells, although the bulk ATP levels at the basal

state were not different between the two groups (Fig. 1B).

The other possibility is that the number of KATP channels at

the plasma membrane may be increased in the UCP1-

expressing cells. It was reported that glucose metabolism

inhibited the expression of KATP channel subunits in INS-1

cells, although the mechanisms were unknown (Moritz et al.
2001). Some glucose metabolites may suppress the

expression of the KATP channel subunits and this does not

appear to contradict the present observations. Further

experiments are needed to clarify the mechanisms of

upregulation of KATP channels in metabolically impaired cells.

In conclusion, UCP1-expressing cells showed a

refractoriness to respond to tolbutamide as well as

nutrients. Upregulated activity of KATP channels in the

UCP1-expressing cells was associated with the

unresponsiveness to tolbutamide that resulted in impaired

[Ca2+]i increase. Insufficient inhibition of KATP channels by

sulphonylureas and nutrient may underlie the early-onset

sulphonylurea failures and development of mitochondrial

diabetes.
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