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SUMMARY
Glucose-phosphorylating activity and insulin secretion
were measured in homogenates of isolated rat islets
and of perfused rat pancreas, respectively. Fasting for
96 h produced a significant decrease of both low-
and high-Km glucose-phosphorylating activities and
blocked the insulin secretory response to glucose. In
the presence of glucose, 0.25 mM 2-bromostearate, a
known inhibitor of fatty acid oxidation, partially re-
stored the insulin response to glucose that was lost
during fasting. This effect paralleled the restoration of
glucose-phosphorylation activities (primarily the high-
Km component) seen when islets isolated from 96-h-
fasted rats were preincubated with 0.25 mM 2-bromo-
stearate.

It is concluded that fasting-induced adaptations of
glucose-phosphorylating enzymes could account, at
least in part, for the reduced insulin secretory re-
sponse to glucose. 2-Bromostearate, an inhibitor of
fatty acid oxidation, is able to restore both insulin se-
cretory response and glucose-phosphorylating activi-
ties, suggesting possible interrelations among the cor-
related impairment in insulin secretion, islet glucose-
phosphorylating activity, islet glucose metabolism, and
the oxidation of fatty acids in the B-cell during fasting.
DIABETES 1984; 33:858-63.

The close parallels between extracellular glucose
concentration, its metabolism in the B-cell, and its
ability to stimulate insulin release are well known.
Strong experimental evidence supports the hy-

pothesis that glucose metabolism in the B-cell is a prereq-
uisite for stimulation of insulin release.12 It is well established
that glucose transport is not a limiting factor for its metab-
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olism in the B-cell.3 It seems that the first rate-limiting step
in glucose metabolism in this tissue is the phosphorylation
of glucose to glucose-6-phosphate. There is experimental
evidence to show that this step is controlled by three differ-
ent enzymes: hexokinase with a low Km for glucose, a
"glucokinase"4^6 with high Km for glucose, and a glucose-6-
phosphatase inhibited by glucose.7

Fasting is known to inhibit the insulin secretory response
to glucose both in vivo and in vitro,8~10 to decrease both
glucose utilization and oxidation,1112 and to lower glucose-
phosphorylating activity.1314 At the same time, there is an
increase in lipolysis and enhanced fatty acid oxidation by
the tissues.

The aim of this study was to relate glucose-phosphoryl-
ating activity in the islets of Langerhans to insulin secretory
rate under the experimental conditions of fasting and feed-
ing. To study possible interactions between glucose and fatty
acid metabolism in the islets during fasting, we have used
2-bromostearate as an experimental tool to inhibit fatty acid
oxidation in the B-cell.15

MATERIALS AND METHODS
Animals. Male, albino, Wistar rats (250-300 g) were used.
Before the experiments, the animals had been fed a standard
pellet diet ad libitum. During fasting, the animals had free
access to water.
Perfusion of pancreas. The pancreas was isolated and per-
fused using the procedure of Sussman et al.16 with some
modifications.17 In brief, the preparation consisted of the pan-
creas and of the attached duodenum. A nonrecirculating
medium of Krebs-Ringer bicarbonate buffer, pH 7.4, con-
taining 0.5% bovine serum albumin (BSA) was continuously
gassed with a mixture of 95% O2/5% CO2 and kept at 37°C.
The buffer solution was pumped through the aorta and the
total portal effluent was collected every 2 min. The perfusion
pressure was 20 mm Hg and the perfusion flow was 2.5 ml/
min.

A 10-min period of preperfusion was allowed before the
start of the actual experiment, which was designated 0 min.
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Samples of 5 ml of perfusate were collected into chilled tubes
that were stored at -20°C.

At the end of the perfusion period, a pulse of norepi-
nephrine at a nonphysiologic dose (10 |xg/ml) was infused
to check the viability of the preparation by monitoring the
elevation of the perfusion pressure.

Insulin secretion was measured by radioimmunoassay, us-
ing our own antibody and 125l-insulin labeled by the chlora-
mine-T method.18

Preparation of islets. Islets were isolated by the collagen-
ase method.19 The islets (250-300) were collected in cold
Hanks' solution.20

Incubation of islets. Batches of 200-250 islets were incu-
bated, with shaking, in 1 ml of bicarbonate-buffered salt
solution,21 pH 7.4, containing 1% BSA. The incubations were
carried out at 37°C for 60 min and the islets were gassed
with 95% O2/5% CO2 every 15 min.

2-Bromostearic acid was neutralized with NaOH and was
solubilized by coupling it to BSA, reaching a final concen-
tration of 7 mol fatty acid analogue/mol albumin, according
to Garland et al.22

Islet homogenates. At the end of the incubation, the islets
were centrifuged in a Beckman microfuge for 30 s. The islets
were then rinsed several times with Krebs solution and sus-
pended in 200-250 |xl homogenization medium: 50 mM
Hepes, 150 mM KCI, 5 mM MgCI2, 1 mM EDTA, and 1 mM
2-mercaptoethanol. The islets were disrupted by sonication
for intervals of 5 s, three times at position 10 (MSE, MK2 cell
disrupter).
Assay of glucose-phosphorylating activities. In principle,
the analysis involved assay at two glucose concentrations:
the hexokinase at 0.5 mM glucose, at which concentration
the glucokinase is essentially inactive; and at 25 mM glu-
cose, at which concentration all phosphotransferase activity
was measured. The glucokinase activity was, thus, obtained
by difference.

A two-step isotopic method described for galactokinase
assay23 and modified for hexokinase assay24 was used.

The assay mixture consisted of: 50 mM Hepes (pH 7.4),
150 mM KCI, 5 mM MgCI2, 5 mM Mg-ATP, 10 mM NaF, and
0.5 mM or 25 mM D-(U-14C)-glucose, with specific activities
of 3.7 and 0.7 mCi/mmol, respectively.

The reaction was initiated by the addition of 20 |xl of islet

homogenate and was continued at 30°C for 20 min in a total
volume of 100 |xl. The reaction was terminated by the ad-
dition of 30 |xl of 2 M glucose and 0.25 M EDTA, after which
a 60-|JLI aliquot was spotted on a DEAE cellulose filter (DE-
81, Whatman) that retains phosphoric esters. Subsequently,
the filters were washed thoroughly with 300 ml deionized
water, dried, and the radioactivity counted by liquid scintil-
lation spectrometry. Blank incubations without homogenate
and blank samples without ATP were included in each ex-
periment.

All experiments were performed in duplicate. The rates of
glucose phosphorylation were linear with time for at least 1
h and were proportional to the amount of islet homogenate
used.
Protein content. The protein content of the islets was meas-
ured by the protein binding method,25 using BSA as stan-
dard.
Chemicals. Crude collagenase was obtained from Worth-
ington Biochemical Corp. (code CLS IV) (Freehold, New
Jersey). Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid) and ATP (adenosine-5'-triphosphate disodium
salt) were obtained from Boehringer-Mannheim (FRG), and
D-(U-14C)-glucose (292 mCi/mmol) was obtained from the
Radiochemical Centre (Amersham, Bucks, United King-
dom). Bovine serum albumin (BSA, fraction V) was obtained
from Sigma (St. Louis, Missouri). 2-Bromostearic acid was
obtained from BDH Chemicals Ltd. (Poole, United Kingdom).
Coomassie brilliant blue G-250 was obtained from Sigma.
Other chemicals of analytic grade were obtained from E.
Merck (Darmstadt, FRG).

RESULTS
Effect of fasting and glucose incubation on islet glucose-
phosphorylating activities. Table 1 shows the glucose-
phosphorylating activities in homogenates of islets of Lan-
gerhans isolated from fed and 48- or 96-h-fasted rats.

Under the assay conditions described above, the gluco-
kinase activity was 61 % of the total glucose-phosphorylating
activity in islets from fed rats.

Fasting induced a decrease of both activities. The de-
crease was more evident in the total glucose-phosphoryl-
ating activity (51% after 48 h of fasting, 90% after 96 h of
fasting) than in the hexokinase activity (58% after 48 h; 76%

TABLE 1
Effect of fasting on glucose-phosphorylating activities in islet extracts

Total glucose-
phosphorylating

activity
Glucokinase

activity
Hexokinase

activity

(pmol D-(U-14C)-glucose/min/(xg islet protein)

Fed
48-h-Fasted
96-h-Fasted

4.77 ±0.17 (11)
2.34 ± 0.13(10)*
0.48 ± 0.03 (9)*

2.92 ± 0.06 (10)
1.52 ±0.09 (11)*
0.03 ± 0.005 (9)*

1.90 ± 0.11 (10)
0.81 ±0.03(10)*
0.45 ± 0.05 (10)*

Batches of 250-300 islets were obtained from fed and 48-h- or 96-h-fasted rats and sonicated immediately. Portions of homogenate
corresponding to 20 \ig of islet protein were incubated at 30°C for 30 min with D-(U-14C)-glucose (0.5 or 25 mM, 3.7 mCi/mmol and 0.7
mCi/mmol, respectively) and 5 mM Mg-ATP. The D-(U-14C)-glucose phosphoric esters formed were assayed as described in the text.
Glucokinase activity was obtained by the difference of individual values at 25 mM and 0.5 mM glucose. Results are given as mean ± SEM,
with the number of observations in parentheses. Significance was determined by Student's t test.
*P < 0.001 versus fed control.
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TABLE 2
Effect of previous incubation with glucose on islet glucose-phosphorylating activities

Total glucose-
phosphorylating

activity
Glucokinase Hexokinase

activity activity

(pmol D-(U-14C)-glucose/min/|xg islet protein)

Fed controls
Fed + incubation

with glucose
96-h-Fasted
96-h-Fasted +

incubation with
glucose

4.81 ± 0.20 (8)

4.99 ± 0.18 (10)f
0.50 ± 0.03 (8)

1.05 ± 0.12 (11)*

2.95 ± 0.08 (8)

2.97 ±0.11 (10)t
0.04 ± 0.007 (8)

0.71 ± 0.07 (9)*

1.88 ±0.09 (9)

2.03 ± 0.09 (10)t
0.47 ± 0.03(10)

0.44 ± 0.06(13)

Batches of 200-250 islets were incubated for 60 min at 37°C in 1 ml KRB, pH 7.4, in 1% BSA medium supplemented with 2.75 mM
glucose (0 min to 30 min) and 16.7 mM (30 min to 60 min). After the incubation, the islets were disrupted and portions of homogenates
corresponding to 20 |xg of islet protein were incubated at 30°C for 20 min with D-(U-14C)-glucose (0.5 or 25 mM, 3.7 mCi/mmol and 0.7
mCi/mmol, respectively) and Mg-ATP 5 mM. The D-(U-'4C)-glucose phosphoric esters were assayed as described in the text. Results are
given as mean ± SEM with the number of observations in parentheses. Significance was determined by Student's t test.
*P < 0.001 versus 96-h-fasted rats.
fNot significant versus fed controls.

after 96 h). In contrast, the hexokinase activity disappeared
completely after 96 h of fasting.

To test whether glucose exerted an induction on these
activities, as has been shown for liver glucokinase,2627 we
studied the glucose-phosphorylating activities in islets pre-
viously incubated for 60 min with 2.75 mM and 16.7 mM
glucose (Table 2). The incubation with glucose did not mod-
ify the glucose-phosphorylating activities in islet extracts
from fed rats.

In islets isolated from 96-h-fasted rats, the previous in-
cubation with glucose exerted an important effect on the
glucose-phosphorylating activities: total phosphorylating ac-
tivity increased to 210%, glucokinase activity reached 24%
of the value found in fed rats, while the hexokinase com-
ponent was not altered under these experimental conditions.

Effect of incubation with 2-bromostearate on islet glu-
cose-phosphorylating activities. Table 3 shows the effect
of incubation with 0.25 mM 2-bromostearate and glucose on
glucose-phosphorylating activities in islets from fed and 96-
h-fasted rats. 2-Bromostearate (0.25 mM) produced a de-
crease in hexokinase (16%) in islet extracts from fed rats.
Incubation with 0.25 mM 2-bromostearate and glucose re-
stored hexokinase activity (108% of the activity in controls),
decreased the glucokinase component by 12%, and did not
alter the total glucose-phosphorylating activity. 2-Bromo-
stearate (0.25 mM) alone partly restored the phosphorylating
activities lowered during fasting, this effect being potentiated
by the presence of glucose. 2-Bromostearate (0.25 mM)
alone increased total phosphorylating activity up to 30% of
the values in fed rats. This effect was due to an important

TABLE 3
Effect of previous incubation with 2-bromostearate and glucose on islet glucose-phosphorylating activities

Fed controls
Fed + incubation with

0.25 mM 2-bromostearate
Fed + incubation with

2-bromostearate + glucose
96-h-Fasted controls
96-h-Fasted + incubation

with 0.25 mM 2-bromostearate
96-h-Fasted + incubation with

0.25 mM 2-bromostearate +
glucose

Total glucose-
phosphorylating

activity

4.81 ± 0.20 (8)

4.59 ±0.17 (7)+

4.63 ±0.13 (8)+
0.50 ± 0.03 (8)

1.43 ±0.07 (7)f

3.56 ±0.17(14) t

Glucokinase
activity

(pmoi D-(U-14C)-glucose/min/|xg islet protein)

2.95 ± 0.08 (8)

2.97 ±0.15 (7)f

2.59 ±0.10 (8)*
0.04 ± 0.007 (8)

1.02 ±0.02 (6)f

2.56 ± 0.12 (13)f

Hexokinase
activity

1.88 ±0.09 (9)

1.58 ±0.03 (8)*

2.03 ± 0.08 (8)+
0.47 ± 0.04 (10)

0.47 ± 0.03 (6)§

1.07 ± 0.05 (13)f

Batches of 200-250 islets were incubated for 60 min at 37°C in 1 ml KRB, pH 7.4, in 1% BSA medium supplemented with 0.25 mM 2-
bromostearate or glucose 2.75 mM (0 min to 30 min) and 16.7 mM (30 min to 60 min) and 0.25 mM 2-bromostearate. After the incubation,
the islets were disrupted and portions of homogenate corresponding to 20 (xg of islet protein were assayed as described in the text.
Results are given as mean ± SEM with the number of observations in parentheses. Significance was determined by Student's t test.
*P < 0.05 versus fed controls.
fP < 0.0001 versus 96-h-fasted rats.
tNot significant versus fed controls.
§Not significant versus 96-h-fasted controls.
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FIGURE 1. Effect of 0.25 mM 2-bromostearate and 2.75 mM or 16.7 mM
glucose on insulin secretion in perfused pancreas from fed rats.
(O O) Without 0.25 mM 2-bromostearate, ( • • ) with 0.25 mM
2-bromostearate. All values represent the mean ± SEM of the indi-
cated number of experiments.

increment in glucokinase activity. Glucose potentiated the
effect of 2-bromostearate: under these conditions, total
phosphorylating activity reached 74% of the value in islets
from fed rats. In this case, both glucokinase and hexokinase
activities were significantly restored: 87% and 57% of the
values in islets from fed rats, respectively.
Effect of 2-bromostearate on glucose-induced insulin re-
lease in perfused rat pancreas. Figure 1 shows the dy-
namics of insulin secretory response to 2.75 mM and 16.7
mM glucose in the absence and in the presence of 0.25 mM
2-bromostearate in the fed state.

2-Bromostearate (0.25 mM) did not modify the insulin se-
cretory response to glucose in perfused pancreas from fed
rats; this agrees with the lack of effect of 2-bromostearate
on islet glucose-phosphorylating activities in this nutritional
state. The insulin secretory response to glucose was partially
blocked during fasting (compare Figure 2 with Figure 1). As
shown in Figure 2, the presence of 0.25 mM 2-bromostearate
in the perfusion medium partially restored the insulin secre-
tory response to glucose, reaching about 50% of the secre-
tory values seen in response to 16.7 mM glucose in perfused
pancreas from fed rats.

Figure 3 shows that the relationship between the extra-
cellular glucose concentration and the output of insulin was

sigmoidal in the fed state. This response was not modified
by the presence of 0.25 mM 2-bromostearate.

Fasting induced a loss of the sigmoidal insulin secretory
pattern to glucose. The presence of 0.25 mM 2-bromo-
stearate in the perfusion medium partially restored the sig-
moidal response to glucose.

DISCUSSION
The results are discussed herein, assuming that the enzyme
activities that we studied in islet homogenates are mainly
present in the B-cells, which constitute the major component
of the rat islet.28 The possible contribution, however, of the
other cell types must be kept in mind.

Fasting is a metabolic state characterized by diminished
insulin response to glucose,8"10 lowered glucose metabolism
in the B-cell,11 and a decrease of islet glucose-phosphoryl-
ating activities.13

2-Bromostearate (0.25 mM) is partially able to restore the
insulin secretory response to glucose, and this effect is par-
allel to the restoring effect of incubation with 0.25 mM 2-
bromostearate plus glucose on the high-Km component of
glucose-phosphorylating activities in islet homogenates from
96-h-fasted rats.

Malaisse et al.,13 however, reported a decrease of 64%
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FIGURE 2. Effect of 0.25 mM 2-bromostearate and 2.75 or 16.7 mM glu-
cose on insulin secretion in perfused pancreas from 96-h-fasted rats.
(O O) Without 0.25 mM 2-bromostearate, ( • • ) with 0.25 mM
2-bromostearate. All values represent the mean ± SEM of the indi-
cated number of experiments.
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FIGURE 3. Kinetics of insulin secretion at different glucose concentra-
tions in perfused pancreas from fed rats (A A); from fed rats with
0.25 mM 2-bromostearate in the perfusion medium (A A); from 96-
h-fasted rats ( • • ) ; and from 96-h-fasted rats with 0.25 mM 2-bro-
mostearate in the perfusion medium (O O). The pancreata were
perfused as described in MATERIALS AND METHODS. All values represent
the mean ± SEM of the indicated number of experiments. N refers to
the number of pancreata perfused.

after 48 h fasting, and Burch et al.14 reported a decrease of
45% after 72 h fasting. We found a decrease of 58% after
48 h fasting, while the activity disappeared after 96 h fasting.

The fact that we measured the total phosphotransferase
activity at a nonsaturating concentration of glucose could
explain these discrepancies.

These results are in agreement with the decrease in glu-
cose utilization and oxidation seen during fasting1012 and
lend support to the theory that glucose phosphorylation is a
regulatory step in glucose metabolism in the B-cell.

The fact that the impairment of glucose-stimulated insulin
secretion during fasting can be restored by refeeding14 and,
moreover, that actinomycin-D blocks the return to normal
glucose-stimulated insulin release30 leads us to think that this
phosphorylating system can be restored by glucose itself.
In this sense, the incubation of islets from 96-h-fasted rats
for 60 min at two glucose concentrations exerts an impor-
tant effect on both glucose-phosphorylating activities. This
effect is more evident on the glucokinase component. This
agrees with the result obtained in hepatocytes.26 The activ-
ities found under this experimental condition, however, were
lower than those obtained in islets from fed rats.

Free fatty acid concentration in blood reaches high levels
during fasting;31 free fatty acids and ketone bodies are the
major metabolic fuel in this nutritional state.32 Little is known,
however, about the role of lipids as fuels for oxidative me-
tabolism in the B-cell during fasting. Hammar and Berne33

have demonstrated that the presence of B-hydroxyacyl-CoA
dehydrogenase is necessary for the degradation of fatty

acids in the B-cell. Moreover, Berne15 demonstrated that pan-
creatic islets metabolize ketone bodies and fatty acids and
that 2-bromostearate inhibits the oxidation of palmitate.

To study possible interactions between carbohydrate and
fatty acid metabolism, we studied the effect of inhibition of
fatty acid oxidation in islets by 2-bromostearate during fast-
ing. Glucose-phosphorylating activities in fed rats were un-
affected by incubation with 0.25 mM 2-bromostearate alone.
This correlates well with the lack of effect of a-bromopal-
mitate on the uptake of glucose in hearts from fed rats.34

As shown in Figure 1, 0.25 mM 2-bromostearate did not
exert an important effect on glucose-induced insulin release
in perfused pancreas from fed rats, which is in agreement
with the results obtained in perifused rat islets.35

The incubation of islets from 96-h-fasted rats with 0.25 mM
2-bromostearate partly restored glucose-phosphorylating
activities. Incubation with 0.25 mM 2-bromostearate and 16.7
mM glucose, however, was able to restore the phosphoryl-
ating activities; this effect was more important regarding the
high-Km component.

The presence of glucose was necessary for this effect. A
similar requirement was necessary for the restoring effect of
2-bromostearate on insulin secretion in perfused pancreas
from 96-h-fasted rats.

Otte et al.36 have reported that, during fasting, the inhibition
of lipolysis with 3',5-dimethylisoxazole has an influence on
glucose metabolism and on insulin secretion by isolated pan-
creatic islets; the oxidation of D-(U-14C)-glucose by fasted
islets was stimulated by 100% and insulin secretion was
increased by about 40%, which was only 10% less than in
fed rats.

These observations lend support to the hypothesis that
the glucose effect is secondary to its metabolism and that
the phosphorylation of glucose is a rate-limiting step in glu-
cose metabolism in the B-cell.

Fasting induces a decrease in this phosphorylating activ-
ity, in agreement with the diminished sensitivity of the B-cell
to glucose in this nutritional state. The fact that 2-bromo-
stearate restored the phosphorylating activity and glucose-
induced insulin release (Figure 3) allows us to substantiate
a relationship between metabolism of glucose and fatty acids
in the B-cell.

No effect of fatty acids on glucose metabolism in the B-
cell has been reported, however. This is in contrast to the
effect reported in other tissues, such as heart or skeletal
muscle.37 In addition, the fact that medium- and long-chain
fatty acids stimulate the insulin secretory response to glu-
cose in fed rats38"40 and that increased free fatty acid levels
in blood decrease glucagon and increase somatostatin lev-
els (suggesting a possible intraislet action via a free fatty
acid-mediated somatostatin release in fed rats41) indicates
that the interaction between glucose and fatty acid metab-
olism in the B-cell remains an unsolved question.
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