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The physiological role of nitric oxide (NO) on the
mechanism of insulin secretion is unknown, but some
studies suggest that NO affects glucose metabolism in
pancreatic b-cells. We have aimed at clarifying the
physiological role of endogenous NO and its target in
the glucose metabolism of b-cells. The expression of
brain-type NO synthase (bNOS) was detected in pan-
creatic islets by Western blotting. Under the condition
of elevated intracellular Ca21 concentration induced
in the b-cells by high glucose and forced depolariza-
tion by 40 mM K1, the generation of NO from the islets
was enhanced. This increase was suppressed by the
NOS blockers, N-iminoethyl-L-ornithine (L-NIO), and
exposure to Ca21-free extracellular solution. In addi-
tion, the NOS blockers L-NIO and 7-nitro indazole (7-
NI) enhanced glucose-induced but not glyceraldehyde-
or KIC-induced insulin secretion. In an in vitro en-
zyme study, the NO donor sodium nitroprusside (SNP)
suppressed phosphofructokinase activity and acti-
vated glucokinase and glucose-6-phosphate isomerase
activity, but SNP significantly inhibited the combined
activity of the enzymes. This suggests that endogenous
NO has an inhibitory role on insulin release induced
by glucose and that its underlying mechanism is the
suppression of phosphofructokinase activity in
glycolysis. © 1998 Academic Press

It is well known that the glucose metabolism in
pancreatic b-cells which produces ATP and leads to
inhibition of the ATP-sensitive K1 channels (KATP
channels) is the crucial factor in glucose-induced insu-
lin release (1), but the mechanism of intracellular sig-
naling for the secretion remains to be clarified. Several
research groups have reported that nitric oxide (NO),
which has been recognized to be an important mediator
of the intracellular signaling, inhibits glucose-induced
insulin secretion from b-cells (2–6). It has also been

reported that exogenous NO derived from NO donors
such as sodium nitroprusside (SNP) and S-nitroso-N-
acetyl-DL-penicillamine (SNAP) increases 86Rb1 efflux
(2), and by electrophysiological study that it reopens
the KATP channel activity inhibited by glucose in rat
pancreatic b-cells (3). Furthermore, in mouse b-cells,
exogenous NO is known to lead to membrane repolar-
ization resulting from the activation of KATP channels
(4). Since NO has been shown not to affect the sensi-
tivity to intracellular ATP of KATP channels (3), it may
be thought that it impairs intracellular glucose metab-
olism, and lead to the activation of the KATP channels
and inhibition of insulin secretion by glucose. On the
other hand, many reports have shown that NO syn-
thase (NOS) inhibitors enhance glucose-induced insu-
lin secretion (5,6). Accordingly, it is possible that en-
dogenous NO generated by NOS in the pancreatic
islets plays an inhibitory role in insulin secretion un-
der physiological conditions. However, the physiologi-
cal target of endogenous NO in its inhibitory effect on
glucose-induced insulin secretion is not known.

Our previous report suggested that exogenous NO
inhibits glucose metabolism at the phosphofructoki-
nase level in the early pathway of glycolysis, leading to
inhibition of glucose-induced insulin release, using a
moderately permeabilized open-cell attached patch-
clamp technique in which intracellular metabolism is
physiologically preserved (3). However, this result
might have only pharmacological implications, because
a relatively larger amount of exogenous NO than under
physiological conditions was applied in the experi-
ments. We examine in this study whether physiological
levels of endogenous NO can affect the metabolic path-
way in b-cells. It is likely that endogenous NO inhibits
a proximal step of glycolysis in b-cells, since it is known
that regulation at this step affects total glucose metab-
olism considerably (7). We investigated whether endog-
enous NO elicits the same effect under physiological
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conditions by measurement of NO generated from is-
lets using a NO analyzer. We also examined whether
fuel-induced insulin secretion can be influenced by
NOS inhibitors such as N-iminoethyl-L-ornithine (L-
NIO) (8) and 7-nitro indazole (7-NI) (9). In addition, the
effect of NO donor sodium nitroprusside (SNP) on in
vitro enzyme activity at early steps in glycolysis was
examined.

MATERIALS AND METHODS

Animals. Male Wistar rats weighing 200 ; 250g were used in all
experiments. The rats were fed on standard laboratory chow ad
libitum and allowed free access to water in an air-conditioned room
with 12-h light/dark cycle before experiments.

Assessment of insulin secretory capacity. Insulin secretory capac-
ity was determined by the batch incubation method as previously
reported with freshly isolated islets (10). In brief, the islets were
preincubated in Krebs-Ringer bicarbonate buffer (KRBB) medium
composed of (in mM) 129.4 NaCl, 4.0 KCl, 2.7 CaCl2, 1.2 KH2PO4, 1.3
MgSO4, and 24.8 NaHCO3 containing 2.8 mM glucose and 0.2%
bovine serum albumin (BSA) at 37°C for 30 min. Afterward, batches
of 5 islets were incubated in 0.7 ml KRBB medium, supplemented
with test materials and 0.2% BSA at 37°C for 30 min. L-NIO and
7-NI were prepared as 10 mM stocks in water and 100 mM in
dimethylsulphoxide (DMSO), and were diluted immediately before
incubation. An aliquot (0.1 ml) from each batch was drawn at the end
of the incubation for measurement of immunoreactive insulin (IRI)
by RIA.

Measurement of nitric oxide. The concentration of NO was deter-
mined by a chemiluminescence method, using a highly sensitive NO
analyzing system (FES-450, Scholar-Tec Co. Ltd., Osaka, Japan)
(11,12). Measurement of NO in this system is based on detecting
chemiluminescence (660-900 nm) emitted by the following reaction:
NO 1 O3 3 NO2 1 O2 where NO2 emits light. This reaction in the
analyzer was performed at 0°C. Generated NO was stripped from the
sample solution to a gaseous phase by bubbling the solution with
argon gas after adding 1M ascorbic acid, a strong reducer, for 60s,
under vacuum condition, in a reaction vial (Reacti-Vial Small Reac-
tion Vials 10ml, Pierce, Rockford, IL). The NO released from islets
was determined using 100 islets incubated in 1 ml KRBB medium
with test materials and 0.1 mM arginine at 37°C for 30 min. When
necessary, NaCl and KCl in solution were replaced to 110 mM and 40
mM, respectively. In the case of the Ca21-free solution, 0.1 mM
EGTA was added, instead of CaCl2. The NO generation was calcu-
lated by computer (9801VX, NEC, Tokyo, Japan) interfaced with the
NO analyzer. The standard curve was drawn up with nitrite ion
standard solution (NO2

2 1000ppm), and it was well fitted linearly as
follows: Y 5 1.85X, where Y is NO concentration (pM) and X is
signals (mm2) within the range of 1 ; 10 ppb NO2

2 solutions.

Western blotting. For preparation of protein samples for Western
blotting, rat fresh islets, cerebellum, aorta and NG-108 cells, a glio-
blastoma cell line, were homogenated in a solution which was com-
posed of (in mM) 50 Tris, 1 ethylenediaminetetraacetic acid (EDTA),
and 1 EGTA (pH 7.40 with HCl), and then were centrifuged at 2000
rpm at 4°C for 10 min. The extracted supernatants were stored at
280°C until the experiments. Protein contents of each supernatant
were determined by the method of Lowry et al. (13). Proteins (20
mg/lane) were fractionated by 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) (14), and gels were trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Millipore,
Bedford, MA) electrophoretically (15). PVDF membranes were
blocked with a 3% (w/v) BSA solution in phosphate buffered saline
(PBS) consisting of (in mM) 8.1 Na2HPO4, 1.5 KH2PO4, 2.7 KCl, and
137 NaCl (pH 7.4 with NaOH) and incubated overnight at 4°C. The

filters were washed in PBST (PBS and 0.02% Tween 20), and incu-
bated with primary antibody for 2 hours at room temperature. After
being washed three times with PBST, they were incubated for 1 hour
with biotinylated horseradish peroxidase in the presence of avidin
(Vectastain ABC Kit, Vector Laboratories, Burlingame, CA). Immu-
noreactive proteins were visualized by using a horseradish
peroxidase-catalyzed chemiluminescence reaction. Biotinylated
SDS-PAGE Standard Kit (Bio-Raboratories, Hercules, CA) was used
as molecular weight marker. In order to determine the expression of
NOS isozymes in the islets, rat cerebellum for bNOS (16), rat aorta
for eNOS (17), and the rat glioblastoma cell line NG-108 (18) for
iNOS were used as positive control.

Measurement of enzyme activity in vitro. The activity of glucoki-
nase, glucose-6-phosphate isomerase, phosphofructokinase and fruc-
tose diphosphate aldolase was assessed by fluorimetric measure-
ment, as previous reported (19–22). Islets were homogenized in the
solution consisting of 50 mM triethanolamine and 250 mM saccha-
rose (pH7.5) on ice. Supernatants were obtained from the homoge-
nates by centrifugation at 4°C at 2000rpm for 10 min. Protein con-
tent in the supernatant was adjusted to 20 mg/ml by method of Lowry
et al (13). Enzyme reaction was performed in the solution consisting
of 50 mM triethanolamine and 1.2 mM MgCl2 (pH7.5) at room
temperature for 10 min. Glucokinase activity was estimated as in-
crease of NADPH through the reaction glucose-6-phosphate 1 NADP3
6-phosphoglucono- d-lactone 1 NADPH by glucose-6-phosphate de-
hydrogenase. The other three enzyme activities were assessed as
decrease of NADH through the reaction dihydroxyacetone-phosphate
1 NADH 3 glycerol-3-phosphate 1 NAD by glycerophosphate de-
hydrogenase. Glucose, instead of fructose-6-phosphate, was used as
substrate for measurement of combined enzyme activity of gluco-
kinase, glucose-6-phosphate isomerase and phosphofructokinase.
The enzyme activity from three separate experiments was expressed
as the percentage of each control.

Statistical analysis. The statistical analyses of results and the
significance of the difference were evaluated by unpaired Student’s t
test, and p,0.05 was considered significant. Numerical data were
expressed as mean6SE.

Chemicals. Nitric ion standard solution were obtained from
Wako Junyaku (Osaka, Japan). L-NIO and 7-NI were purchased
from BIOMOL Research Laboratories (Plymouth Meeting, PA). Anti-
bNOS, Anti-eNOS, and Anti-iNOS antibodies were obtained from
Affinity BioReagents (Neshanic Station, NJ). Glucose-6-phosphate
dehydrogenase, aldolase, glycerol phosphate dehydrogenase, phos-
phofructokinase and ATP dipotassium salt were obtained from
Sigma. Co (St. Louis, MO). SNP and other chemicals were purchased
form Nacalai Tesque (Kyoto, Japan).

RESULTS

Identification of an isozyme of NOS in pancreatic
islets. Western blotting revealed a band identical to
the molecular weight (about 16kD) of bNOS in extracts
from islets, but which was slightly weaker than that
obtained from rat cerebellum. On the other hand,
eNOS and iNOS bands were found in rat aorta and the
glioblastoma NG-108 cell line, respectively, but were
not detected in rat islets (Fig. 1).

Endogenous NO generation from pancreatic islets.
Endogenous NO generation in the presence of the basal
concentration of 2.8 mM glucose was a lower level of
0.4360.06 pM/islet/30min. A higher concentration of
11.1 mM glucose, which is known to inhibit KATP chan-
nels and lead to Ca21 influx (1), significantly enhanced
NO generation. NOS blocker of 10 mM L-NIO signifi-
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cantly decreased the NO generation induced by 11.1
mM glucose. On the other hand, in the case of forced
membrane depolarization by 40 mM potassium in the
presence of 2.8 mM glucose, NO generation was signif-
icantly increased to the same higher level as that with
11.1 mM glucose (P,0.01). However, this increase was
not found with the Ca21-free extracellular solution
(Table 1).

The effect of NOS blockers on nutrient-induced insu-
lin secretion. Two NOS blockers, 100 mM 7-NI and 10
mM L-NIO, were used in the experiments. Both drugs
significantly enhanced insulin secretion induced by
11.1 mM glucose in the presence of 0.1 mM L-arginine.
On the other hand, both 5 mM glyceraldehyde- and 5
mM KIC-induced insulin release with 0.1 mM
L-arginine were not influenced by these drugs (Fig. 2A).
Other NOS blockers, 100 mM aminoguanidine and 100
mM S-methylisothiourea also enhanced 11.1 mM
glucose-induced insulin secretion, but not that induced
by 5 mM glyceraldehyde (data not shown). As shown in
Fig.2B, 10 mM L-NIO increases glucose-stimulated in-
sulin secretion but not basal, particularly significantly
in the case of 11.1 and 16.7 mM glucose.

The effects of SNP on enzyme activity in the early
steps of glycolysis. NO concentrations liberated from
0.1 and 1 mM SNP were 46.562.0 pmol/30min (n53)
and 338.9617.7 pmol/30 min (n53), respectively.

These ranges were close to NO level formed from 100
islets (40;90 pmol/30 min). SNP significantly acti-
vated glucokinase and glucose-6-phosphate isomerase
activity in a concentration-dependent manner. On the
other hand, phosphofructokinase activity was signifi-
cantly inhibited by SNP. The combined enzyme activ-
ity was also suppressed by SNP in a concentration-
dependent manner. Fructose diphosphate aldolase was
not affected by SNP (Table 2). Phosphofructokinase
activity just after incubation with 2.8 mM was
7.0860.17 U/mg protein (10062.5%). On the other
hand, the activity just after the activation of NO syn-
thesis by a physiological stimulation (glucose 11.1 mM)
was 6.7760.20 U/mg protein (9663.0%). There is no
significant difference between both groups.

DISCUSSION

In pancreatic b-cells, it has been known since 1981
that the NO donor SNP inhibits the insulin release
induced by glucose (23). Recently, in studies of the
mechanism underlying this suppressive effect, there
have been reports that 86Rb1 efflux from pancreatic
b-cells under 16.7 mM glucose is increased after adding
SNP (2), and that SNP reopens KATP channels which
have already been inhibited by glucose (3,4). This
strongly suggests that SNP plays an inhibitory role in
the mechanism of insulin secretion induced by glucose
at a step in the mechanism prior to KATP channel
closure.

There have been some reports that constitutive NOS
is equipped in pancreatic islets, in addition to the iNOS
which can be induced by interleukin-1 b, however, it is
not known where these isozymes are located in the
islets. Vincent has found by immunohistochemical
study that bNOS is present only at paraganglion ter-
minals, but not in endocrine cells (24). On the other
hand, Schmidt and collaborators reported that by
Western blotting bNOS is found in the cytosolic frac-
tion of HIT-T15 b-cell cell lines (25). The results of
endogenous NO formation in the present study are
consistent with that of bNOS location in b-cells. The
enhanced endogenous NO generation was observed
when Ca21 influx via voltage-dependent Ca21 channels

FIG. 1. Identification of NOS isozymes (A) bNOS, (B) eNOS and (C) iNOS. P indicates positive controls; rat cerebellum for bNOS, rat
aorta for eNOS and NG-108 cell lines for iNOS. Small arrows at the left side of panel in (A) indicate molecular weight. Large arrow in (A)
shows bands. Results were representative of 3 individual experiments.

TABLE 1

Endogenous NO Formation under the Condition of Glucose
and High Concentration of Potassium

Glucose
(mM) Extracellular Ca21

NO generation
(pmol/islet/30 min) n

2.8 (1) 0.43 6 0.06 12
11.1 (1) 0.88 6 0.08* 14
11.1 (1) 1 10 mM L-NIO 0.37 6 0.02** 4
2.8 (1) 1 40 mM K1 0.85 6 0.08* 8
2.8 (2) 1 40 mM K1 0.05 6 0.04> 8

* P,0.01 versus value in 2.8 mM glucose.
** P,0.01 versus value in 11.1 mM glucose only.
> P,0.01 versus value in 2.8 mM glucose and 40 mM K1 in the

presence of extracellular Ca21.
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was induced by a high concentration of glucose, which
could depolarize the plasma membrane by closing the
KATP channels in the b-cells, and when the membrane
depolarization was forced by high potassium. This en-
hancement is probably mediated by bNOS and ele-
vated intracellular Ca21, since it was inhibited by the
NOS blocker and under extracellular Ca21-free condi-
tions, and bNOS activity is known to be Ca21 depen-
dent. In addition, its presence in the pancreatic b-cells
could account for the many reports that the various
NOS blockers enhance insulin secretion induced by

glucose (5,6). It should be expected that endogenous
NO plays some physiological role in the insulin secre-
tory regulatory mechanism in b-cells, which is known
to be triggered by intracellular Ca21 elevation.

In the present study, we observed that various type
of NOS blockers commonly enhance glucose-induced,
but not glyceraldehyde- or KIC-induced insulin secre-
tion in the presence of 0.1 mM L-arginine. This sug-
gests that the functional site of NO is located in glyco-
lysis before glyceraldehyde-3-phosphate. Because of
the difficulties of demonstrating the exact site of No in
vivo, in vitro enzyme study was performed in the
present study. The finding that phosphofructokinase
activity was inhibited by SNP is consistent with our
previous patch-clump study (3). SNP enhanced the ac-
tivity of glucokinase and glucose-6-phosphate isomer-
ase, but it suppressed phosphofructokinase activity
and the combined activity of glucokinase, glucose-6-
phosphate isomerase and phosphofructokinase. In ad-
dition, we observed that ATP concentration in islets
was reduced by SNP (unpublished data). They suggest
that nitric oxide inhibits glucose metabolism and
glucose-induced insulin secretion by suppression of
phosphofructokinase activity.

Because constitutive NOS is expressed function-
ally in pancreatic b-cells, the intracellular exposure
is continuous. Our previous patch clamp study
showed that KATP channels, which had been closed
by glucose, were reopened within 1 min after appli-
cation of SNP, which was reversible only a short
period after wash out of the drug (3). This phenom-
enon strongly suggests that NO or its related medi-
ator can directly regulate intracellular glucose me-
tabolism. Since bNOS activity is thought to be
enhanced by intracellular Ca21 elevation via Ca21

influx through voltage-dependent Ca21 channels af-
ter glucose stimulation, endogenous NO probably
plays a physiological role in the putative negative
feedback mechanisms in insulin secretion induced by
glucose, similarly to its role in the Pasteur effect, in
which increasing ATP inhibits phosphofructokinase
activity directly (7). Moreover, continuous exposure
to endogenous NO could extend the range of total
glucose metabolism toward a higher level by pre-
venting an early step of glycolysis from reaching its
maximum.

In conclusion, A constitutive NOS, bNOS is present
in functional pancreatic b-cells, and its activity is
thought to be dependent on the Ca21 influx via voltage-
dependent Ca21 channels. The endogenous NO gener-
ated through bNOS probably suppressed phosphofruc-
tokinase activity and inhibits the insulin secretion
induced by glucose, and so plays a physiological role in
the putative negative feedback mechanism in glucose-
induced insulin release in pancreatic b-cells.

FIG. 2. The effect of NOS blockers on glucose-, glyceraldehyde-
and KIC-induced insulin secretion. (A) This panel shows the effect of
10 mM L-NIO and 100 mM 7-NI on 11.1 mM glucose (open columns),
5 mM glyceraldehyde (black columns) and 5 mM KIC (oblique col-
umns). All solutions contains 0.1 mM L-arginine. C indicates insulin
secretion without drugs. ✱ shows P,0.01 versus insulin secretion
without drugs. (B) This illustrates the effect of 10 mM L-NIO on
insulin secretion in response to various concentrations of glucose
with 0.1 mM L-arginine. Closed circles (F) and open circles (E)
indicate the absence or presence of L-NIO, respectively. ✱ shows
P,0.01 versus insulin secretion without drug. Values are means of 5
batches6SE. The experiments of the same protocol were performed
three times.
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TABLE 2

The Effect of SNP on the Enzyme Activity of Glucokinase, Glucose-6-phosphate Isomerase, Phosphofructokinase, Fructose
Diphosphate Aldolase, and the Combined Activity of Glucokinase, Glucose-6-phosphate Isomerase, and Phosphofructokinase

Enzyme Control (%) 0.1 mM SNP (%) 1 mM SNP (%)

Glucokinase (GK) 100 6 8 125 6 7* 145 6 9*
Glucose-6-phosphate isomerase (ISO) 100 6 7 135 6 9* 155 6 12*
Phosphofructokinase (PFK) 100 6 3 61 6 11* 55 6 12*
Fructose diphosphate aldolase 100 6 2 104 6 10 103 6 11
Combined activity (GK1ISO1PFK) 100 6 3 85 6 4** 77 6 4*

* and ** indicate P,0.01 and P,0.05 versus each control.
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