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Abstract The different roles of glycolytic and mitochon-
drial pathways in glucose-induced metabolic activation
and insulin secretion were studied in islets of Langerhans.
Single islets were perifused with 3 mM glucose together
with agents affecting the production or consumption of
ATP. Subsequently, glucose was raised to 11 mM and the
effects of the agents on metabolic and secretory responses
were evaluated. Metabolism was monitored continuously
with an oxygen-sensitive microelectrode inserted into the
islet. Insulin secretion was determined by assaying insulin
in perifusate with ELISA. Inhibitors of mitochondrial
ATP production reduced the metabolic and secretory
response to glucose. When glycolytic ATP production
was reduced, initial but not sustained glucose-stimulated
insulin release was observed. Inhibition of mitochondrial
pyruvate transport reduced the glucose-induced decline in
pO2. Although mitochondrial metabolism was eventually
similar to normal, insulin release was only 20% of
normal. Increased energy expenditure also changed the
kinetics of the glucose-induced decline in pO2 and
decreased the insulin release by 50%. In conclusion,
glucose-induced enhancement of insulin release was only
seen when the rise of the sugar concentration triggered a
rapid and sustained increase of mitochondrial metabo-
lism. This activation of mitochondrial metabolism re-
quired a good metabolic state prior to the glucose
challenge.
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Introduction

Prior to glucose-induced changes in the cytoplasmic Ca2+

concentration ([Ca2+]c) or insulin secretion, metabolism
of the pancreatic b-cell is activated by the sugar [1].
Glucose metabolism plays a key role in enhanced
secretion of the hormone [2], consistent with the idea of
the pancreatic b-cell being the body fuel sensor [3].
Metabolic impairment therefore results in a state of
hyperglycemia caused by an inadequate secretory
response [4]. Indeed, when postprandial hyperglycemia
was chosen as a breeding criterion for establishing a non-
insulin-dependent diabetes mellitus (NIDDM) animal
model, the resulting strain, the GK-rat [5], showed
metabolic and secretory impairment [6].

Glucose-derived ATP plays a key role in pancreatic b-
cell glucose signalling. The nucleotide closes the ATP-
sensitive K+ channel [7] leading to membrane depolar-
ization, the opening of voltage-dependent L-type Ca2+

channels [8] and an increase in [Ca2+]c [9]. ATP is also
needed for insulin granular movement and the exocytotic
process [10]. However, prior to generation of ATP from
the glucose molecule, ATP is required for phosphoryla-
tion of the sugar molecule to yield glucose-6-phosphate
and fructose-2,6-bisphosphate [11]. These reactions de-
pend on a sufficient b-cell ATP content prior to the
glucose challenge. As a consequence any treatment that
significantly lowers the ATP content of the b-cell would
be anticipated to impair the secretory response upon
glucose stimulation. Glycolysis accounts for approxi-
mately 10% of the ATP obtained from one glucose
molecule, and mitochondrial metabolism for the remain-
ing 90% [12]. Despite this relationship it has been shown
that glycolytic ATP alone is able to sustain glucose-
induced secretion [13]. In the present study we have
challenged the idea of glycolytically sustained secretion
by monitoring respiration and secretion of individual
islets in the presence of agents that interfere with
glycolytic and mitochondrial metabolism, or agents that
affect the cellular energy state. We found that glucose-
induced insulin release was reduced or even blocked in
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the presence of these agents, which compromised the
initial rapid increase in islet respiration. Furthermore,
mitochondrial metabolism of glucose was obligatory for
the initial and the sustained insulin secretory responses to
the sugar. It can be concluded that the metabolic state of
the b-cell prior to glucose stimulation is decisive for the
secretory response.

Materials and methods

Chemicals

Reagents of analytical grade and deionized water were used.
Collagenase, HEPES and bovine serum albumin (fraction V) were
obtained from Boehringer Mannheim (Mannheim, Germany). d-
Glucose, 3-O-methyl-d-gluco-pyranose, ouabain, carbonyl cyanide
p-(trifluoromethoxy)phenylhydrazone (FCCP), oligomycin, a-cya-
no-4-hydroxycinnamic acid (CHC), arsenate, tetramethylbenzidine
and insulin-peroxidase came from Sigma (St. Louis, Mo., USA).
Gramicidin was obtained from Fluka (Buchs, Switzerland). The rat
insulin standard was from Novo Nordisk (Bagsvaerd, Denmark).
The mouse insulin antibodies were raised in our laboratory from
guinea-pigs. IgG-certified 96-well microtitre plates were purchased
from Nunc (Roskilde, Denmark).

Preparation and perifusion of islets

Animal experiments were approved by the local animal research
ethics committee at Uppsala University. Pancreatic islets were
collagenase isolated from male ob/ob mice [14] and cultured for
24–48 h in RPMI 1640 culture medium supplemented with 5.5 mM
glucose and 10% fetal calf serum. Individual islets were attached to
a poly-lysine-coated coverslip, which was used as the bottom in an
open Sykes-Moore perifusion chamber thermoregulated to 37KC
[9]. The islets were perifused at a rate of 150–160 Ll/min with a
medium supplemented with 1 mg/ml albumin and containing (in
mM): NaCl 125, KCl 5.9, MgCl2 1.2, CaCl2 1.28, HEPES 25 and d-
glucose 3, titrated to pH 7.4 with NaOH. Chelation of Ca2+ was
performed by addition of 1.5 mM EGTA. After insertion of the
oxygen-sensitive microelectrode into the islet, perifusion continued
for approximately 50 min. Subsequently, 2 Lg/ml oligomycin, 5 LM
FCCP, 5 mM arsenate, 1 mM CHC with or without 1.5 mM EGTA,
100 LM ouabain or 1 LM gramicidin was added to the perifusion
medium. After an additional 10 min five samples of perifusate for
insulin determinations were collected every 5 min and recordings of
pO2 began. After 21 min the d-glucose concentration was raised to
11 mM and sampling and recording continued for another 30 min.
During the first 6 min samples were taken every minute, then one
sample after 3 min and subsequently four samples every 5 min. The
time period of the sampling was 60 s for all samples. The perifusate
samples were stored at –20KC until assayed for insulin. FCCP,
oligomycin and gramicidin were dissolved in 95% ethanol giving a
final ethanol concentration of 0.5–1‰ (v/v), CHC was dissolved in
100% DMSO giving a final DMSO concentration of 1‰ (v/v).
Control experiments had the same concentrations of ethanol and
DMSO.

Measurements of insulin release

Insulin in the perifusate was assayed by a competitive enzyme-
linked immunosorbant assay (ELISA) [15] with the insulin
antibody immobilized directly to the solid phase. The assay
displayed linearity in a semilogarithmic diagram over the range of
102–105 amol of insulin and had an inter- and intra-assay variation
of less than 10% in the specified range. The rate of insulin release

was normalized to islet dry weight after freeze-drying and weighing
the islets on a quartz fibre balance.

Measurements of oxygen tension

Oxygen tension in the isolated islets was measured by a modified
Clark microelectrode [16, 17]. The tip of the microelectrode was
positioned into the islets with the aid of a micromanipulator. A
stereomicroscope was used to control the penetration depth of the
electrode, which was approximately 30 Lm. Electrodes were
polarized at –0.8 V, which gave a linear response between the
oxygen tension and the electrode current. Electrodes were calibrat-
ed in water saturated with Na2S2O5 or air at 37KC before and after
the experiments. The drift of the microelectrodes was less than
0.5% per hour. The electrical current was measured by a
picoamperemeter (University of Aarhus, Aarhus, Denmark). The
data acquisition rate of the A/D converter was 4 Hz providing good
time resolution for further data analysis. Averages of data points
corresponding to 60 s of recordings, during which perifusate was
collected for insulin measurements, were calculated and used for
figure presentation.

Data analysis

The starting and end points for the glucose-induced decrease in pO2
were defined by dividing pO2 recordings into consecutive periods
of 10 s duration and calculating the average pO2 for each period.
The starting point of a decrease was defined as the time point at
which the average pO2 during a 10-s period was at least one
standard deviation less than that of the preceding 10-s period and
that this decrease continued during the next two 10-s periods. The
end point was defined as the time point where this criterion was no
longer fulfilled. The standard deviation was calculated from data
obtained at 3 mM glucose. Between the starting and the end points
the average slope was determined by linear regression analysis. The
lag time of the perifusion system was determined in each
experiment and was compensated for. Differences in oxygen
tension were evaluated within each experimental group with an
ANOVA for repeated measurements and between groups with
factorial ANOVA with Fischer’s posthoc test. P-values lower than
0.05 were considered significant. Values were expressed as means
€ standard error of the mean (SEM).

Results

The influence of islet energy state for the secretory
response to glucose was investigated by measuring
glucose-induced changes in pO2 and insulin release in
individual islets. Energy state was affected by exposing
the islet to different agents 30 min prior to elevation of the
glucose concentration. Insulin release and pO2 in the
presence or absence of the agents were determined at 3
and 11 mM glucose. From the pO2 measurements, the
time from elevation of glucose to changes in pO2
(lagtime), the duration of glucose-induced drop in pO2
and the glucose-induced rate of decline in pO2 were
calculated. A prompt, initial glucose-induced rise in
insulin release was only obtained under conditions when a
rapid decline in pO2 was observed. Prolonged, sustained
glucose-induced insulin release required both a rapid
initial decline in pO2 and a sustained increase in
respiration, i.e. sustained lowering in pO2.

In order to assess the role of mitochondrial ATP
synthesis in the kinetics of glucose-induced changes in
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pO2 and insulin release, islets were exposed to the
inhibitor of mitochondrial ATP-synthase, oligomycin, or
the uncoupler of oxidative phosphorylation, FCCP.
Whereas mitochondrial metabolism is halted in the
presence of the former compound, it can proceed in the
presence of the latter. Oxygen tension and basal insulin
release at 3 mM glucose were not affected by 2 Lg/ml
oligomycin (Fig. 1, Tables 1, 2). FCCP (5 LM) lowered
pO2 at 3 mM glucose by 13% but had no effect on insulin
release (Fig. 1, Tables 1, 2). When the glucose concen-
tration was raised to 11 mM in the presence of oligomycin
there was no change in pO2 or insulin secretory rate. In
the presence of FCCP, 11 mM glucose decreased pO2.
The rate of decline in pO2 was 40% compared with
control. After reaching a nadir (75€9 mmHg) approxi-
mately 5 min after increasing the glucose concentration,
pO2 began to climb and did so for the rest of the
experimental period. The rise in glucose concentration
was not accompanied by any change in insulin release.

A minor contribution to the overall cellular ATP
production comes from glycolysis. To evaluate the role of
glycolytically derived ATP in glucose-induced insulin
release, the reaction catalysed by phosphoglycerate kinase
was uncoupled from ATP production with 5 mM arsenate.
Oxygen tension and basal insulin release at 3 mM glucose
were not affected by arsenate (Fig. 1, Tables 1, 2). When
the glucose concentration was raised to 11 mM, pO2
decreased as in controls. This was accompanied by an
accelerated insulin secretory rate. However, after reaching
a nadir in pO2 (85€6 mmHg) approximately 5 min after
increasing the glucose concentration, pO2 started to
climb. The increase in pO2 continued for the rest of the
experimental period and was paralleled by a rapid
decrease in insulin release. Already 10 min after increas-
ing the glucose concentration, insulin release was com-
parable to that observed at 3 mM glucose.

Apart from pyruvate, glycolysis also produces reduc-
ing equivalents in the form of NADH to be further
metabolized by the mitochondria. To investigate the role
of glycolytically produced NADH in glucose-induced
insulin release, islets were exposed to CHC prior to the

Fig. 1A, B Glucose-induced changes in oxygen tension and insulin
release in the presence of oligomycin, carbonyl cyanide p-
(trifluoromethoxy)phenylhydrazone (FCCP) or arsenate. Oxygen
tension (A) and insulin release (B) were monitored simultaneously
from individual islets perifused with 2 Lg/ml oligomycin (filled
circles), 5 LM FCCP (filled squares), 5 mM arsenate (filled
triangles) or no addition (open squares) when the glucose
concentration was increased from 3 to 11 mM. Graphs show
means € SEM for 5–7 experiments

Table 1 Oxygen tension and insulin release rate of single isolated
islets of Langerhans in the presence of agents affecting ATP
metabolism. Individual islets were perifused in the presence of
3 mM glucose. Thirty minutes prior to raising the glucose
concentration to 11 mM, the compound was included in the
perifusion medium. Means € SEM show values obtained from five

measurements obtained during the first 21 min prior to elevating
the glucose concentration and during the last 21 min after raising
the glucose concentration. The latter five measurements started
10 min after raising the glucose concentration. n indicates the
number of experiments

Compound Oxygen tension (mmHg) Insulin release rate (pmol·g–1·s–1) n

3 mM glucose 11 mM glucose 3 mM glucose 11 mM glucose

None 105€5 57€10* 7€2 80€18* 7
2 Lg/ml oligomycin 100€6 106€6** 16€6 13€5** 6
5 LM FCCP 91€7** 81€9** 5€2 6€1** 6
5 mM arsenate 111€3 96€5*,** 8€2 10€3** 5

100 LM ouabain 109€6 69€7* 16€6 81€13* 6
1 LM gramicidin 108€4 83€6*,** 8€4 39€14*,** 6

*P<0.05 (ANOVA for repeated measurements) compared to corresponding value at 3 mM glucose. **P<0.05 (ANOVA with Fischers
posthoc test) compared to absence of compound
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rise of sugar concentration. Oxygen tension and basal
insulin release at 3 mM glucose were not affected by
1 mM of the inhibitor of mitochondrial pyruvate transport
(Fig. 2, Tables 3, 4). When the glucose concentration was

raised to 11 mM, the lagtime of the glucose-induced
decrease in pO2 was more than doubled and the rate of
decline was 30% of control. Although pO2 in the presence
of CHC eventually decreased to levels observed in control
islets, the insulin secretory rate was only 20% of that
observed in control islets. In islets exposed to 1.5 mM

Table 2 Dynamics of glucose-induced decrease in oxygen tension
in the presence of agents affecting ATP metabolism. Individual
islets were perifused in the presence of 3 mM glucose. Thirty
minutes prior to raising the glucose concentration to 11 mM, the
compound was included in the perifusion medium. After raising the

glucose concentration the decrease in pO2 was measured and the
kinetic parameters were calculated. Means € SEM show values
obtained from measurements for the indicated number of experi-
ments

Compound Decrease in oxygen tension n

Lagtime (min) Duration (min) Rate (mmHg·s–1)

None 0.6€0.1 3.4€0.3 –0.23€0.03 7
2 Lg/ml oligomycin – – – 6
5 LM FCCP 0.7€0.1 3.3€0.6 –0.10€0.03* 6
5 mM arsenate 0.5€0.1 2.7€0.2* –0.18€0.03 5

100 LM ouabain 0.9€0.1 3.0€0.2 -0.24€0.03 6
1 LM gramicidin 1.0€0.3 3.9€0.4 –0.10€0.01* 6

*P<0.05 (ANOVA with Fischers posthoc test) compared to absence of compound

Fig. 2A, B Glucose-induced changes in oxygen tension and insulin
release in the presence of a-cyano-4-hydroxycinnamic acid (CHC).
Oxygen tension (A) and insulin release (B) were monitored
simultaneously from individual islets perifused with 1 mM CHC
(filled squares), 1 mM CHC and 1.5 mM EGTA (filled circles) or
no addition (open squares) when the glucose concentration was
increased from 3 to 11 mM. Graphs show means € SEM for 5–6
experiments

Fig. 3A, B Glucose-induced changes in oxygen tension and insulin
release in the presence of ouabain or gramicidin. Oxygen tension
(A) and insulin release (B) were monitored simultaneously from
individual islets perifused with 100 LM ouabain (filled squares),
1 LM gramicidin (filled circles) or no addition (open squares) when
the glucose concentration was increased from 3 to 11 mM. Graphs
show means € SEM for 6–7 experiments
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EGTA together with CHC prior to the rise of sugar
concentration, the Ca2+ chelator counteracted the glucose-
induced decrease in pO2 and blocked the faint increase in
secretion observed in the absence of the chelator (Fig. 2,
Tables 3, 4).

By altering the consumption of ATP the energy state of
the islet is also affected. The major consumer of cellular
ATP is Na+/K+ ATPase. We therefore aimed to change
the energy state by inhibiting Na+/K+ ATPase with
ouabain or by stimulating ATPase by increasing the
sodium permeability with gramicidin. Including 100 LM
ouabain or 1 LM gramicidin had no effect on pO2 or
insulin release at 3 mM glucose (Fig. 3, Tables 1, 2).
When the glucose concentration was increased to 11 mM
in the presence of ouabain the effects on pO2 and insulin
release were similar to those in the control situation. In
the presence of gramicidin, 11 mM glucose caused a rate
of decline in pO2, which was 40% of that of control islets.
The decline in pO2 resulted in a sustained level, which
was 50% of that observed in control islets. Corresponding
measurements of insulin release showed a glucose-
induced increase, which was 50% of that observed in
control islets.

Discussion

Metabolic activation is a key step in b-cell glucose
signalling leading to insulin secretion [18]. In this study
the increase in cellular respiration induced by 11 mM
glucose was 41%, which is in good agreement with the
previously reported 50% [19]. The prompt and sustained

enhancement of respiration was paralleled by a rapid and
maintained increase in secretion. The failure to correlate
the blood glucose concentration to an appropriate
metabolic signal disrupts the function of the b-cell as a
controller of glucose homeostasis. In the search for
factors important for this coupling of metabolism to the
release of insulin, intermediaries of glycolytic and
mitochondrial metabolism have been evaluated, as have
other related factors, e.g. ATP/ADP level [20], NADH
[21], [Ca2+]c [22] and recently glutamate [23].

The role of glycolysis in glucose-induced insulin
release was evaluated in a previous study in which it
was shown that glycolysis alone can maintain glucose-
induced insulin release [13]. This is in contrast to our
results, which show that glycolysis alone can neither
initiate nor maintain glucose-induced insulin release. The
importance of glycolytically produced ATP for glucose-
induced insulin release was partly based on the observed
inhibition of secretion by arsenate [13]. Our results show
that, in the presence of arsenate, glucose causes a prompt,
initial reduction in pO2. Arsenate uncouples the reaction
catalysed by phosphoglycerate kinase from ATP produc-
tion, thereby reducing glycolytically produced ATP
without affecting glycolytic flux [24]. The fact that both
respiration and insulin release are activated as they are in
controls despite glycolytic uncoupling is not compatible
with glycolytically produced ATP playing a role in the
initiation of insulin secretion, and stresses the importance
of mitochondrial metabolism for this process. After
prolonged exposure to arsenate, oxidative phosphoryla-
tion is known to be affected [25], which may explain the
gradual return of pO2 and insulin release within minutes

Table 3 Oxygen tension and insulin release rate of single isolated
islets of Langerhans in the presence of mitochondrial pyruvate
transport inhibition. Individual islets were perifused in the presence
of 3 mM glucose. Thirty minutes prior to raising the glucose
concentration to 11 mM, a-cyano-4-hydroxycinnamic acid (CHC)
in the absence or presence of EGTA was included in the perifusion

medium. Means € SEM show values obtained from five measure-
ments obtained during the first 21 min prior to elevating the glucose
concentration and during the last 21 min after raising the glucose
concentration. The latter five measurements started 10 min after
raising the glucose concentration. n indicates the number of
experiments

Compound Oxygen tension (mmHg) Insulin release rate (pmol·g–1·s–1) n

3 mM glucose 11 mM glucose 3 mM glucose 11 mM glucose

None 118€4 74€5* 6€1 55€5* 6
1 mM CHC 113€3 73€8* 5€2 11€2*,** 5
1 mM CHC, 1.5 mM EGTA 119€2 97€5*,** 8€1 9€2** 5

Table 4 Dynamics of glucose-induced decrease in oxygen tension
in the presence of mitochondrial pyruvate transport inhibition.
Individual islets were perifused in the presence of 3 mM glucose.
Thirty minutes prior to raising the glucose concentration to 11 mM,
CHC in the absence or presence of EGTA was included in the

perifusion medium. After raising the glucose concentration the
decrease in pO2 was measured and the kinetic parameters were
calculated. Means € SEM show values obtained from measure-
ments for the indicated number of experiments, n

Compound Decrease in oxygen tension n

Lag time (min) Duration (min) Rate (mmHg·s–1)

None 0.6€0.1 3.9€0.4 –0.19€0.01 6
1 mM CHC 1.4€0.5* 12.2€1.2* –0.06€0.01* 5
1 mM CHC, 1.5 mM EGTA 1.2€0.4* 7.2€1.6* –0.05€0.01* 5
*P<0.05 (ANOVA with Fischers posthoc test) compared to absence of compound
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to levels observed before the rise of glucose concentra-
tion.

The proposed role of glycolysis in glucose-induced
insulin release was also based on the maintained or
slightly augmented release in the presence of CHC [13].
Our result show that in the presence of CHC basal
metabolic activity was not affected, but that the glucose-
induced initial reduction in the rate of pO2 was severely
reduced with impaired increase in the rate of secretion.
Furthermore, the results with CHC indicate that the rate at
which glucose-derived metabolites, such as pyruvate but
also NADH, are brought to the mitochondria is an
important factor in the coupling of metabolism to
secretion. By using CHC we allow shuttling of NADH
from glycolysis to the mitochondria but no substrate for
the Krebs cycle is delivered. Interestingly, oxygen
consumption was still enhanced by the rise in glucose
concentration, but no sustained insulin secretion was
detected. This suggests that the delivery of pyruvate to the
mitochondria for ATP production is the major function of
glycolysis in b-cell stimulus–secretion coupling. Gly-
colytically produced NADH is a contributing coupling
factor in glucose-induced insulin release, in that the
oxidation of the nucleotide elevates mitochondrial Ca2+

levels [26]. In an attempt to counteract such a rise in the
mitochondrial Ca2+ concentration, EGTA was introduced.
A rise in the mitochondrial Ca2+ concentration affects
mitochondrial metabolism in many ways [27], including
activation of Ca2+-dependent enzymes in the mitochon-
dria, and thereby enhances mitochondrial metabolism
[28]. In support of such a role of a rise in the
mitochondrial Ca2+ concentration in glucose-stimulated
insulin release, we observed that the glucose-induced
decline in pO2 in CHC-treated islets was halved when the
Ca2+-chelator EGTA was also added.

A possible explanation for the discrepancy between
our results with arsenate and CHC and those of Mertz et
al. [13] is that the islets in our study were exposed to the
agents approximately 30 min prior to the rise of glucose
concentration. Furthermore, whereas Mertz et al. [13]
incubated different groups of islets for 60 min in the
presence of arsenate at low or high glucose concentra-
tions, we perifused individual islets with media contain-
ing arsenate and a low and then a high glucose
concentration. Also, our analytical methods [15, 17]
allowed time-resolved measurements of the glucose-
induced changes in insulin and oxygen tension.

The primary role of mitochondrial metabolism in
glucose-induced insulin release was substantiated by our
results when mitochondrial metabolism was either
blocked by oligomycin or uncoupled by FCCP. Under
these conditions glucose caused no increase in insulin
release. Blocking the reentry of protons through the F0/F1
ATPase with oligomycin reduces mitochondrial ATP
production and inhibits the passage of electrons in the
respiratory chain and O2 consumption. Consequently,
pyridine nucleotides are kept in a reduced state, which
effectively stops substrate handling in both the Krebs
cycle and glycolysis. The lack of glucose-induced effects

on secretion can therefore be attributed to both the
insufficient generation of ATP required for initial phos-
phorylation of the sugar molecule and later steps in the
exocytosis of insulin granules [29] as well as a lack of
NAD+. The latter condition is enhanced by the limited
anaerobic metabolism in the pancreatic b-cell due to low
levels of lactate dehydrogenase [30]. In fact, lactate
production in ob/ob islets is saturated at 3 mM glucose
[31]. Unlike oligomycin, FCCP enhances mitochondrial
respiration and does not halt glycolysis or intermediate
metabolism but diminishes the production of ATP. The
compound lowered pO2 at 3 mM glucose by 13%, which
indicates that the energy state is limiting the respiration
rate even at this low glucose concentration. Since FCCP
does not halt glucose metabolism per se, glycolytically
produced ATP and NADH can be formed. The inability of
glucose to enhance secretion in the presence of the
uncoupler reinforces the role of mitochondrial ATP
production and may be explained by the lack of available
ATP for the initial phosphorylation steps in glycolysis.
This would also explain the gradual restoration of pO2
observed in the presence of FCCP due to lack of substrate
supply from glycolysis. It should also be noted that the
dynamics of the glucose-induced decrease in oxygen
tension under control conditions in the present study was
similar to that obtained when stimulating islets with the
mitochondrial fuel ketoisocaproic acid [32]. It might
therefore be argued that the changes in pO2 in the present
study reflect the mitochondrial respiration of glucose-
derived metabolites.

The energy state prior to the rise of glucose concen-
tration is important for the respiratory and secretory
responses. Therefore, we also investigated the effect of
increased and decreased consumption of cellular ATP on
glucose activation, which was done by modulating the
activity of the Na+/K+ ATPase, the major consumer of
cellular energy [11]. To increase the activity of the
ATPase and consequently lower islet ATP content, the
cell permeability to sodium ions was increased by
gramicidin [33]. In human erythrocytes gramicidin de-
creased the ATP content by 50% [34]. In the present study
gramicidin halved the rate at which pO2 declined in
response to the elevation of the glucose concentration,
which was associated with a reduction in the insulin
secretory rate. The slower rate of decline in pO2 in the
presence of gramicidin may be explained by a reduced
availability of ATP molecules for the initial phosphory-
lation reactions in glycolysis. To decrease the activity of
the ATPase, the Na+/K+ exchanger was inhibited by
ouabain. The lack of enhanced metabolic and secretory
responses could be the result of inhibited cellular
respiration due to the Pasteur effect. Indeed, an increase
in the ATP/ADP ratio has been reported to inhibit
respiration in permeabilized HIT cells [19].

In conclusion, an increase in insulin release in
response to a rise in the glucose concentration was only
seen when the rise induced a prompt and protracted
increase of mitochondrial metabolism. Such activation of
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mitochondrial metabolism depended on a good metabolic
state prior to the glucose challenge.
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