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Abstract

 

Diabetic states are characterized by a raised serum/islet
level of long chain fatty acids and a lowered ED

 

50

 

 for glu-
cose-induced insulin secretion. Prolonged culture (

 

. 

 

6 h) of
islets with long chain fatty acids replicates the basal insulin
hypersecretion. We examined this effect in rat islets cul-
tured for 24 h with 0.25 mM oleate. Insulin secretion at 2.8 mM
glucose was doubled in combination with a 60% lowered
islet content of glucose-6-phosphate (G6P). Investigation of
the lowered G6P showed: (

 

a

 

) increased glucose usage from
0.5 to 100 mM glucose with identical values measured by
[2-

 

3

 

H]glucose and [5-

 

3

 

H]glucose, (

 

c

 

) indicating little glucose-
6-phosphatase activity, (

 

b

 

) unchanged low pentose phos-
phate shunt activity, (

 

c

 

) 50% increased phosphofructoki-
nase (PFK) 

 

V

 

max

 

, (

 

d

 

) a normal ATP/ADP ratio, and (

 

e

 

)
unchanged fructose 2,6 bisphosphate content. Triacsin C,
an inhibitor of fatty acyl-CoA synthetase, prevented the in-
crease in PFK activity and the lowered G6P content. These
results suggest that long chain acyl-CoA mediates the rise in
PFK activity, which in turn lowers the G6P level. We specu-
late that the inhibition of hexokinase by G6P is thus atten-
uated, thereby causing the basal insulin hypersecretion.
(

 

J. Clin Invest.

 

 

 

1998. 101:1870–1875.) Key words: islets of
Langerhans

 

 

 

• 

 

glucose metabolism 

 

• 

 

pentose phosphate
shunt 

 

• 

 

long chain fatty acyl-CoA 

 

• 

 

Triacsin C

 

Introduction

 

Islet 

 

b

 

 cells secrete insulin in response to circulating nutrients
and cellular fuels. Best studied is the plasma glucose concen-
tration: a rise in the level of glycemia induces insulin secretion
through a process that is dependent on increased glucose me-
tabolism. The flux through glycolysis is the sensed process that
makes 

 

b

 

 cells glucose-responsive (1).

 

b

 

 cell glucose metabolism is a multienzyme-regulated pro-
cess. Glucokinase determines the kinetics of glucose entry into
glycolysis (2, 3). Hexokinase is present in 

 

b

 

 cells (4), but its ac-
tivity at physiologic glucose levels is minimal because of allo-
steric inhibition by glucose-6-phosphate (G6P)

 

1

 

 (5). G6P is in

equilibrium with fructose-6-phosphate so that the steady-state
level of G6P is governed by control of the outflow by phospho-
fructokinase (PFK). PFK activity is modulated by multiple
positive and negative allosteric factors including ATP, ADP,
AMP, fructose-2, 6-bisphosphate (Fru-2,6-P

 

2

 

), and citrate (6).
Thus, altered kinetics of glucose-induced insulin secretion
could result from a changed intrinsic activity, cellular level, or
allosteric regulation of hexokinase, glucokinase, or PFK.

Long chain fatty acids (FA) stimulate insulin secretion (7, 8)
with the postulated mediator being long–chain acyl-CoA esters
(LC-CoA) (9). With chronic FA exposure, the glucose concen-
tration/insulin secretion relationship is left-shifted such that
basal insulin release is increased (10, 11). This finding is of
interest since plasma levels of FA are raised in type II diabetes
mellitus (12, 13), and we have proposed that a lowered ED

 

50

 

for glucose-induced insulin secretion is an early, causative
step of the 

 

b

 

 cell failure of type II diabetes through 

 

b

 

 cell over-
work (14).

In a previous study, we investigated islets cultured with
palmitate for 24 h (15). The expected increase in glucose sensi-
tivity was present as reflected by a doubled insulin secretion
and glucose use at 2.8 mM glucose as opposed to the maximal
values being unchanged. This result suggested a low 

 

K

 

m

 

 pro-
cess such as increased hexokinase activity. However, hexoki-
nase 

 

V

 

max

 

 was increased only 30% (glucokinase was un-
changed) which was insufficient to cause the functional
changes. An additional finding was that Triacsin C, an inhibi-
tor of fatty acyl-CoA synthetase (16–18), attenuated the basal
insulin hypersecretion, implying an increased level of LC-CoA
was the cellular mediator. This study tested the hypothesis that
G6P inhibition of hexokinase was altered in FA cultured islets.

 

Methods

 

Reagents.

 

Reagents were obtained from Sigma (St. Louis, MO) un-
less otherwise stated.

 

Islet isolation and culture.

 

Islets were isolated from Sprague-
Dawley rats (Taconic, Germantown, NY) using an adaptation of the
Gotoh method (19): pancreatic duct infiltration with collagenase
(Serva, Heidelberg, Germany), histopaque gradient separation, and
hand picking. The culture medium was RPMI 1640 supplemented
with 5.5 mM glucose, 2 mM glutamine, 10% FCS, 100 U/ml penicillin,
0.1 mg/ml streptomycin (GIBCO BRL, Grand Island, NY). Islets
were cultured overnight at 37

 

8

 

C in humidified air and 5% CO

 

2

 

 fol-
lowed by an additional 24 h with 0.25 mM oleate (sodium salt) in 2%
ethanol or 2% ethanol alone added to the culture medium. Diazoxide
or Triacsin C (Biomol Research Laboratories, Inc., Plymouth Meet-
ing, PA) in DMSO was included during the 24-h culture as stated in
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the text. Islet protein was measured by a commercial kit (Bio-Rad,
Hercules, CA) with BSA as standard.

 

Insulin secretion.

 

Islets were preincubated in KRB, 10 mM
Hepes, 0.5% BSA, and 2.8 mM glucose for 30 min at 37

 

8

 

C. Triplicate
batches of 10 islets in glass vials were incubated in KRB/2.8 or KRB/
16.7 mM glucose for 60 min in a 37

 

8

 

C shaking water bath. The me-
dium was separated from the islets by gentle centrifugation (500 rpm,
5 min at 10

 

8

 

C) and stored at 

 

2

 

20

 

8

 

C pending measurement of the insu-
lin concentration by an RIA that used rat insulin standards (Eli Lilly,
Indianapolis, IN) and charcoal separation (20).

 

Islet G6P content.

 

G6P was measured using an adaptation of the
method of Lowry and Passonneau (21). Islets (20 per tube) were pre-
incubated for 30 min at 37

 

8

 

C in KRB/5.5 mM glucose with or without
0.25 mM oleate as in the previous 24-h culture. They were lysed by
10 

 

m

 

l 40 mM NaOH and placed on ice for 10 min, followed by addi-
tion of 3 

 

m

 

l 0.15 M HCl and incubated at 75

 

8

 

C for 20 min to destroy
the cellular enzymes. A second protocol included a 60-min incubation
at 2.8, 8.3, and 27.7 mM glucose in KRB with or without 0.25 mM ole-
ate before lysis of the islets. The reaction consisted of adding 15 

 

m

 

l of
reaction buffer that contained 20 

 

m

 

M NADP, 0.15 M Tris/HCl (pH
8.1), 0.02 U/ml grade 1 G6P dehydrogenase from yeast (Boehringer
Mannheim, Indianapolis, IN), and incubating 30 min at 28

 

8

 

C in a
shaking water bath followed by addition of 4 

 

m

 

l 1 M NaOH and incu-
bation at 75

 

8

 

C for 20 min to destroy any remaining NADP. The
NADPH formed was amplified by the cycling method by adding 100 

 

m

 

l
of reagent that contained 9 U/ml of type II glutamate dehydrogenase,
5 mM 

 

a

 

-ketoglutaric acid, 1 mM G6P, and 6 U/ml G6P dehydroge-
nase for 60 min at 38

 

8

 

C, followed by heating to 100

 

8

 

C for 10 min to
stop the reaction. Sample (100 

 

m

 

l) was transferred to a UV cuvette
containing 1 ml 0.006 U/ml 6-phosphogluconate dehydrogenase in
0.15 M Tris/HCl, (pH 8.1), 30 

 

m

 

M NADP, 0.1 mM EDTA, 30 mM
ammonium acetate, and 5 mM MgCl

 

2

 

 and stood at room temperature
for 30 min. The 6-phosphogluconate formed was measured by a fluo-
rometer at 340 nm excitation and 420 nm emission, and the islet G6P
content was determined from G6P standards (1–20 pmol) handled in
the same fashion. The blank was islet extract added to reaction buffer
that did not contain G6P dehydrogenase.

 

Islet glucose use.

 

Glucose use was measured by the method of
Ashcroft (22). Triplicate batches of 20 islets underwent a 30-min pre-
incubation in KRB/5.5 mM glucose with or without 0.25 mM oleate
followed by a 90-min incubation at 37

 

8

 

C in 100 

 

m

 

l KRB/glucose
(0.03–100 mM) plus 2 

 

m

 

Ci 

 

D

 

-[2-

 

3

 

H]glucose or 

 

D

 

-[5-

 

3

 

H]glucose (Am-
ersham Corp., Arlington Heights, IL). The reaction was carried out in
a 1-ml cup inside a rubber-stoppered 20-ml scintillation vial with 500

 

m

 

l of distilled water surrounding the cup. Glucose metabolism was
stopped with 100 

 

m

 

l 1 M HCl injected through the stopper into the
cup. After overnight incubation at 37

 

8

 

C to allow equilibration of the
[

 

3

 

H]H

 

2

 

O in the reaction cup with the distilled water, the radioactivity
in the distilled water was determined in a liquid scintillation counter.
Islet glucose use consists of high affinity and low affinity components
(23). Kinetics were estimated by linear regression of the Eadie-
Scatchard plot followed by 10 cycles of the method of Spears (24).

 

Islet pentose phosphate shunt activity.

 

The proportion of glucose
metabolism attributable to the pentose phosphate shunt was calcu-
lated by the method of Verspohl (25). Islet glucose oxidation was
measured by a previously published method (15) using [1-

 

14

 

C] and
[6-

 

14

 

C]glucose for 90 min at 2.8 and 16.7 mM glucose. The values were
stratified against glucose use measured with D-[5-

 

3

 

H]glucose to yield
the number of picomoles of glucose oxidized/used for each tracer
(glucose oxidation specific yield), and the percent contribution of the
pentose shunt to glucose metabolism was calculated (25).

 

Islet PFK activity.

 

Islets (300) were washed in KRB and soni-
cated on ice in 0.15-ml extraction buffer containing 15 mM K

 

2

 

PO

 

4

 

(pH 7.0), 100 mM KCl, 2 mM EDTA, 2 mM PMSF, 0.2 mg/ml leupep-
tin, and 50 

 

m

 

g/ml aprotinin (26). After centrifugation at 12,000 

 

g

 

 for
15 min at 4

 

8

 

C, PFK activity in the supernatant was measured by the
method of Narabayashi et al. (27). Extract (20 

 

m

 

l) was added to 1 ml
of reaction buffer containing 50 mM Tris/HCl (pH 8.0), 1 mM EDTA,

2.5 mM DTT, 5 mM ammonium sulfate, 2 mM MgCl

 

2

 

, 1 mM ATP, 1 mM
fructose-6-phosphate, 0.16 mM NADH, 0.4 U/ml aldolase, and a 2.4
U/ml triosephosphate isomerase/0.8 U/ml glycerophosphate dehy-
drogenase mixture (last two from Boehringer Mannheim) in a quartz
cuvette, and the NADH metabolized over 15 min and assessed at
340 nm by spectrophotometer. PFK activity was calculated with the
equation 1 

 

m

 

mol fructose-1, 6-bisphosphate 

 

5

 

 2 

 

m

 

mol NADH con-
sumed.

 

Islet Fru-2,6-P

 

2

 

 content.

 

Islets (350) were washed in KRB and ex-
tracted in 100 

 

m

 

l of preheated 1 mM Hepes (pH 8.5) for 10 min at
75

 

8

 

C and then placed on ice. The extract was centrifuged, and Fru-
2,6-P

 

2

 

 was measured in the supernatant using a method which is
based on its ability to overcome ATP inhibition of muscle PFK activ-
ity (28, 29). The reaction buffer contained 50 mM Hepes (pH 7.25),
0.2 mM EDTA, 5 mM MgCl

 

2

 

, 1 mM NH

 

4

 

Cl, 0.16 mM NADH, 2.5
mM DTT, 1 mM fructose-6-phosphate, 0.4 U aldolase, and a 2.4 U tri-
osephosphate isomerase/0.8 U glycerophosphate dehydrogenase mix-
ture (last two from Boehringer Mannheim) in a final volume of 1 ml.
All enzymes were desalted by the method of Burch (30). Type III
rabbit muscle PFK (15 mU) was added to the reaction buffer in a cu-
vette followed by 20-

 

m

 

l Fru-2,6-P

 

2

 

 (0.5–10 pmol) standards or islet ex-
tract. The reaction was initiated by addition of an amount of ATP
that near maximally inhibited PFK activity in the absence of Fru-2,6-
P

 

2

 

, and the decrease in NADH was read at 340 nm. Islet Fru-2,6-P

 

2

 

content was determined from the standard curve.

 

Islet ATP/ADP ratio.

 

Islets (100) were preincubated for 30 min
at 37

 

8

 

C in 100 

 

m

 

l KRB/5.5 mM glucose with or without 0.25 mM ole-
ate, followed by addition of 100 

 

m

 

l 2% TCA, vortexed, and incubated
15 min on ice. After centrifugation at 12,000 

 

g

 

 for 5 min, supernatants
were cleared of the TCA by 0.2 ml ethyl ether addition/aspiration five
times, followed by lyophilization and storage at 

 

2

 

70

 

8

 

C. The ATP/
ADP ratio was determined as previously described (31).

 

Data presentation and statistical methods.

 

All data are expressed
as mean

 

6

 

SEM. Unless stated otherwise, 

 

n

 

 values represent the num-
ber of experiments performed using islets from separate isolation and
culture days. Statistical significance was determined by the unpaired
Student’s 

 

t

 

 test or one-way ANOVA.

 

Results

 

Insulin secretion.

 

Protein levels were equal in the oleate and
control islets (0.70

 

6

 

0.02 

 

m

 

g/islet in controls vs. 0.75

 

6

 

0.05 

 

m

 

g/
islet oleate-treated, 

 

n

 

 

 

5

 

 4). Insulin secretion results are shown
in Table I. Insulin secretion from the oleate islets was doubled
at 2.8 mM glucose (

 

P

 

 

 

,

 

 0.015), reflecting the basal insulin hy-
persecretion that characterizes chronic exposure of islets to
FA (10, 11, 15). There also was an increase at 16.7 mM glucose,

 

Table I. Islet Insulin Secretion

 

Insulin secretion

2.8 mM glucose 16.7 mM glucose

 

ng/10 islets/60 min

 

Control islets 4.6

 

6

 

0.6 12.1

 

6

 

0.9
0.25 mM oleate 11.9

 

6

 

2.0 16.4

 

6

 

0.9

The data are expressed as mean

 

6

 

SEM. Nonpooled islets from eight rats
were separately cultured with 0.25 mM oleate in 2% ethanol (

 

n

 

 

 

5

 

 4) or
2% ethanol alone (

 

n

 

 

 

5

 

 4) for 24 h as described in Methods. Islets were
preincubated for 30 min in KRB/2.8 mM glucose, followed by a 60-min
incubation at 2.8 or 16.7 mM glucose. Statistical significance was deter-
mined by the Student’s 

 

t

 

 test (

 

P , 0.015 for 2.8 and 16.7 mM glucose).
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although the fold change was smaller than at 2.8 mM glucose
(135% of control).

Islet G6P content. The G6P content was lowered 60% in
the islets cultured with oleate (Fig. 1). Adding diazoxide (75
mg/ml), an inhibitor of insulin secretion, to the oleate culture
failed to prevent the subnormal G6P level (P , 0.04 versus
controls). In contrast, 0.5 mg/ml of Triacsin C, an inhibitor of
long chain fatty acyl-CoA synthetase, normalized the G6P
content (P 5 NS versus control islets and P , 0.02 versus islets
that received oleate alone).

The previous protocol was performed in islets that were
cultured and KRB-incubated at 5.5 mM glucose. We expanded
the results by performing the usual 24-h culture protocol at
5.5 mM glucose followed by a 60-min KRB incubation at 2.8,
8.3, or 27.7 mM glucose (Fig. 2). The G6P level was reduced
30–50% at all glucose concentrations in the oleate islets al-
though only the lowest glucose concentration reached statisti-
cal significance (P , 0.01, , 0.07, and . 0.1 at 2.8, 8,3 and 27.7
mM glucose, respectively).

Islet glucose use and glucose-6-phosphatase (G6Pase) activ-
ity. Glucose use was assessed at multiple glucose concentra-
tions to estimate the Vmax and ED50 values for the high affinity
and low affinity components (23). Two tracers were used,
[2-3H] and [5-3H]glucose, because the labilization to 3H2O oc-
curs at different steps in glycolysis, the two tracer at phospho-
glucose isomerase and the five tracer at triose phosphate
isomerase (32). Thus, the release of [2-3H] is a measure of the
glucose phosphorylation rate versus [5-3H] which is a measure
of the PFK rate. Comparison of the results provided an indi-
rect measure of G6Pase activity such that an increase would be
manifest as a higher usage rate with the two tracer over the
five tracer, and lower maximal values with both.

Glucose use was increased in the oleate islets as deter-
mined by both tracers: there was no difference in the measure-
ments of the tracers at any glucose concentration (Fig. 3). The

kinetics of the low and high affinity components are shown in
Table II. Oleate doubled the high affinity Vmax (P , 0.03 for
[2-3H]glucose and P , 0.01 for [5-3H]glucose) without chang-
ing the ED50. The low affinity kinetics were largely unchanged,
although there appeared to be a tendency for a reduced Vmax

with oleate. These results indicate activation or deinhibition of
hexokinase. Furthermore, increased G6Pase activity was elim-
inated as the cause of the lowered G6P content of the oleate-
treated islets.

Pentose phosphate shunt. Table III shows the absolute and
percentage rates of glucose use through the pentose phosphate
shunt at 2.8 and 16.7 mM glucose. Its activity is normally mini-
mal in b cells (1, 22) which was confirmed here in the control
islets, with the proportion of glucose use being 1.2–1.4%. Ole-
ate had no significant effect on either value.

PFK activity in islet extracts. PFK Vmax was increased 50%
in the oleate islets (15.560.6 pmol fructose-1, 6-bisphosphate
islet21 min21 in oleate-treated vs. 10.160.7 islet21 min21 in
controls, n 5 7, P , 0.001). A second set of experiments
showed that adding Triacsin C to the 24-h culture fully blocked
the oleate-induced increase in PFK activity (Fig. 4).

Allosteric regulators of PFK activity. PFK is regulated by
several allosteric factors, including the ATP/ADP ratio and
Fru-2,6-P2 (9). Neither of these was altered in the oleate islets
(ATP/ADP 3.660.3 for controls vs. 4.360.3 oleate, n 5 5;
Fru-2,6-P2 23.163.1 fmol/islet for controls vs. 24.962.7 fmol/
islet oleate, n 5 4).

Discussion

This study has provided important insight into the left-shifted
glucose concentration/insulin secretion curve that character-
izes long-term exposure of b cells to FA. The critical finding

Figure 1. G6P content in 24-h cultured islets (n 5 4). Rat islets were 
cultured for 24 h with 5.5 mM glucose and 0.25 mM oleate in 2% eth-
anol or ethanol alone as stated in Methods. Additional islets were cul-
tured with oleate plus diazoxide (75 mg/ml) or Triacsin C (0.5 mg/ml). 
G6P was measured after a 30 min-incubation in KRB/5.5 mM glucose 
with or without 0.25 mM oleate. The listed significance values refer to 
comparisons with the control islets.

Figure 2. G6P content in 24-h cultured islets (n 5 3). Rat islets were 
cultured for 24 h with 5.5 mM glucose and 0.25 mM oleate in 2% eth-
anol (closed circles) or ethanol alone (open circles), followed by a 60-
min incubation in KRB containing 2.8, 8.3, or 27.7 mM glucose with 
or without 0.25 mM oleate. The G6P level was measured as stated in 
Methods. It was reduced 30–50% in the oleate islets although only 
the lowest glucose concentration reached statistical significance (P , 
0.01 at 2.8, P , 0.07 at 8.3, and P . 0.1 at 27.7 mM glucose).
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was a lowered cellular level of G6P especially at low normal
glucose concentrations. This finding is even more impressive in
that the reduced G6P level was found in tandem with the rate
of basal glucose use, and thus production of G6P, being dou-
bled. We speculate the inhibition of hexokinase by G6P was
attenuated (5), causing the increased basal glucose usage/insu-
lin secretion. This finding clarifies the dichotomy in insulin se-
cretion and glucose metabolism at 2.8 mM glucose in our pre-
vious study (doubled) versus the activity of hexokinase (30%
increased Vmax), since activity was measured in islet extracts
which eliminated the regulatory influences of endogenous
G6P (15). Thus, our results suggest a complex effect of FA on
hexokinase, an attenuation of the G6P inhibitory effect, plus
an increased Vmax. The latter is presumed to reflect upregu-
lated hexokinase gene expression as shown for other b cell
genes (33). A technical issue concerns our use of islets and the
possibility that non-b cells contributed to the metabolic
changes. Liang et al. reported similar functional effects as
those found in this study in 4-d FA-cultured clonal b cells
(bHC9) in terms of increased basal insulin secretion and glu-
cose usage plus a small increase in hexokinase Vmax and un-
changed glucokinase activity (34), indicating the relevance of
our islet findings to b cells. Also, this study focused on basal in-
sulin secretion. A longer exposure to FA (48 h) than in this
study inhibits maximal glucose-induced insulin secretion (10,
11) so that FA have both stimulatory and inhibitory effects on
b cell function.

We investigated the basis for the subnormal G6P content.
G6P levels are a function of several metabolic processes. Most
obvious is production and metabolism through glycolysis.

Others with varying significance depending on the tissue stud-
ied are glycogen production and metabolism, G6Pase, and
the pentose phosphate shunt. Glycogen is present in small
amounts in b cells (35) except with diabetes where substantial
accumulations occur (36). We attempted to quantify islet gly-
cogen for this study: the oleate and control islets were both be-
low the level of detectability which we interpret as excluding
glycogen buildup in the oleate islets. The pentose phosphate
shunt is a minor metabolic pathway in b cells (22) which was
confirmed here. We did note a nonsignificant threefold in-
crease in the activity at 16.7 mM glucose with oleate which
may have become statistically significant with additional ex-
periments. Regardless, the absolute value was so small that the
functional significance in terms of the lowered G6P is minor. A
potentially important issue was G6Pase since FA infusion was
shown recently to upregulate G6Pase gene expression in the
liver of rats (37). Also, islets of diabetic rodents are known to
have increased activity (38, 39) and gene expression (40) of
G6Pase. Nevertheless, G6Pase activity was not changed in the
oleate islets as determined by [2-3H] and [5-3H]glucose assess-
ment of glucose usage (32). This conclusion is based on indi-
rect evidence, and there could be concern as to the sensitivity
for identifying changes in G6Pase. However, the sizable reduc-
tion in G6P level in the oleate islets would require a large in-
crease in G6Pase activity that should easily have been ob-
served. Finally, the possibility of lowered G6P production was
excluded by direct measure of glucose use. It should be noted
that there was not perfect agreement between the glucose us-
age findings in Fig. 3 and the insulin secretion data in Table I
in that secretion at 2.8 mM glucose was doubled in the oleate

Figure 3. Islet glucose use measured by con-
version of [2-3H]glucose and [5-3H]glucose to 
[3H]H2O (n 5 7). Rat islets were cultured for
24 h with 5.5 mM glucose and 0.25 mM oleate 
in 2% ethanol (closed circles) or ethanol alone 
(open circles) followed by a 90-min incubation 
at the glucose concentrations shown.

Table II. Kinetics of Low and High Affinity Components of Islet Glucose Use

Tracer Islets Vmax ED50 for glucose Vmax ED50 for glucose

pmol/islet/90 min mM pmol/islet/90 min mM

[2-3H]glucose control 3766 0.360.1 94624 15.661.9
0.25 mM oleate 76614* 0.460.1 77624 16.063.4

[5-3H]glucose control 3765 0.360.0 112617 22.264.0
0.25 mM oleate 86614‡ 0.560.1 69615 21.263.7

Data are mean6SEM from seven experiments. The islet glucose use data from Fig. 1 were analyzed by the method of Spears (24) to estimate the ki-
netics of the high affinity and low affinity components of islet glucose use. Statistical significance was determined by one-way ANOVA. P , 0.026 and
P , 0.007 versus tracer-matched control islets.
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islets as opposed to the increase in glucose use being some-
what less. The significance of this dichotomy is currently un-
certain.

Thus, the decrease in G6P was due to enhanced removal.
Insight was provided by the increase in assayed PFK activity,
plus its reversal with Triacsin C which paralleled its effect to
normalize the G6P level (current study) and attenuate the
basal insulin hypersecretion (15). We conclude an upregula-
tory effect of LC-CoA on PFK activity is the basis for the low-
ered G6P level.

Mammalian PFK is a family of three isoforms from differ-
ent genes with varying tissue distribution and allosteric regula-
tion (41). Islets and clonal b cells contain all three although the
muscle isoform (called both M and A) appears to be dominant
(26, 42). Our working hypothesis is the increased PFK Vmax is
due to an upregulated gene expression/cellular level of one or
multiple PFK isoforms. This idea comes from the well known
FA stimulatory effect on gene expression (43), plus published
results with chronic exposure of b cells to high glucose (44).
The relevance of these results is based on glucose’s effect to
raise cytosolic LC-CoA levels in b cells through its conversion

to malonyl-CoA which inhibits carnitine palmitoyltransferase I
activity, and, thus, LC-CoA metabolism (45, 46). Moreover,
chronic exposure to high glucose potentiates the effect by in-
creasing acetyl-CoA carboxylase expression, the enzyme that
catalyses malonyl-CoA production (47). Thus, chronic high
glucose and FA both raise cytosolic LC-CoA which would be
expected to have the same effect on PFK. It is thus notable
that PFK gene expression/cell content is increased in high glu-
cose cultured INS-1 cells (44).

An alternate hypothesis for the b cell glucose hypersensi-
tivity with FA has been proposed based on a direct effect of
FA to promote insulin secretion, thereby depleting the cellular
stores of ATP and activating PFK on that basis (13). Our data
are contrary to that idea since the ATP/ADP ratio was not al-
tered in the oleate islets, nor was there a beneficial effect of di-
azoxide, an inhibitor of insulin secretion, on the cellular G6P
content.

In summary, oleate lowered the cellular level of G6P sec-
ondary to an effect of cytosolic LC-CoA to increase the activ-
ity of PFK. We speculate that b cell glucose metabolism was
changed from a primarily glucokinase-driven process to one
that incorporated hexokinase such that basal glucose usage
and insulin secretion were augmented. These results empha-
size the important roles G6P and PFK play in regulating b cell
glucose metabolism, and, thus, glucose sensing for insulin se-
cretion. Diabetic states are characterized by a basal hyperse-
cretion of insulin and raised serum/islet levels of FA (48). We
speculate that comparable biochemical changes to those iden-
tified in this study underlie the b cell dysfunction. Also, our re-
sults may have relevance for the impaired pulsatile insulin re-
lease which is found in diabetic states (49). Previously, there
has been no mechanistic basis on which to interrelate the b cell
glucose hypersensitivity and impaired insulin pulsatility in dia-
betes. However, pulsatile secretion is believed to result from
the oscillatory pattern of glycolysis in b cells, and PFK is pro-
posed to be the key regulatory element (50, 51). It is tempting
to speculate that altered PFK activity underlies both forms of
b cell dysfunction.
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Table III. Pentose Phosphate Shunt

Control islets Oleate islets

2.8 mM glucose 16.7 mM glucose 2.8 mM glucose 16.7 mM glucose

[1-14C]glucose oxidation (pmol/islet/90 min) 9.361.7 17.363.9 22.663.8 41.6611.5
[6-14C]glucose oxidation (pmol/islet/90 min) 6.761.7 11.863.7 16.363.8 25.464.2
[5-3H]glucose utilization (pmol/islet/90 min) 65.267.3 161623.1 95.263.5 191625.3
Glucose oxidation via pentose phosphate shunt (pmol/islet/90 min) 0.960.4 1.960.5 2.261.0 7.662.1
Pentose phosphate shunt (%) 1.460.7 1.260.3 2.361.0 4.261.0

Data are mean6SEM from five experiments and are calculated as stated in Methods.

Figure 4. Phosphofructokinase activity in 24-h cultured islets (n 5 4). 
Rat islets were cultured for 24 h with 5.5 mM glucose and 0.25 mM 
oleate in 2% ethanol or ethanol alone with or without 0.5 mg/ml Tri-
acsin C. PFK activity was measured as stated in Methods. The listed 
significance values refer to comparisons with the control islets.
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