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Introduction

Abstract

The mechanism of 1-arginine stimulation of glucose-induced insulin secretion from mouse pancreatic
islets was studied. At 16.7 mmol/] glucose, L-arginine (10 mmol/l) potentiated both phases 1 and 2 of
glucose-induced insulin secretion. This potentiation of glucose-induced insulin secretion was
mimicked by the membrane depolarizing agents tetraethylammonium (TEA, 20 mmol/l) and K*
(60 mmol/l), which at 16.7 mmol/l glucose obliterated r-arginine (10 mmol/l) modulation of insulin
secretion. Thus r-arginine may potentiate glucose-induced insulin secretion by stimulation of
membrane depolarization. At 3.3 mmol/l glucose, r-arginine (10 mmol/l) failed to stimulate insulin
secretion. In accordance with membrane depolarization by the electrogenic transport of r-arginine,
however, r-arginine (10 mmol/l) stimulation of insulin secretion was enabled by the K* channel
inhibitor TEA (20 mmol/l), which potentiates membrane depolarization by r-arginine. Furthermore, 1-
arginine (10 mmol/l) stimulation of insulin secretion was permitted by forskolin (10 umol/l) or
tetradecanoylphorbol 13-acetate (0.16 umol/l), which, by activation of protein kinases A and C
respectively sensitize the exocytotic machinery to r-arginine-induced Ca®* influx. Thus glucose may
sensitize r-arginine stimulation of insulin secretion by potentiation of membrane depolarization and by
activation of protein kinase A or protein kinase C. Finally, 1-arginine stimulation of glucose-induced
insulin secretion was mimicked by N®-nitro-t-arginine methyl ester (10 mmol/l), which stimulates
membrane depolarization but inhibits nitric oxide synthase, suggesting that r-arginine-derived nitric
oxide neither inhibits nor stimulates insulin secretion. In conclusion, it is suggested that r-arginine
potentiation of glucose-induced insulin secretion occurs independently of nitric oxide, but is mediated
by membrane depolarization, which stimulates insulin secretion through protein kinase A- and C-
sensitive mechanisms.
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1-Arginine-induced glucagon release is also a Ca’*-
dependent mechanism (8) that results from membrane

The mechanism of r-arginine stimulation of insulin
secretion is not fully clarified. Previous data from several
laboratories have suggested that potentiation of glu-
cose-induced insulin secretion by L-arginine is mediated
by (-cell membrane depolarization resulting from the
electrogenic transport of the cationic amino acid (1-5).
Thus r-arginine has been shown to depolarize the
plasma membrane in a way which is potentiated by
glucose (4), and to stimulate Ca’* influx through
voltage-sensitive Ca?* channels (4—6).

Other data have, however, questioned membrane
depolarization as the sole mechanism in rL-arginine
stimulation of insulin secretion from pancreatic 3-cells.
Thus sizeable r-arginine stimulation of insulin secretion
persists in rat islets depolarized by high K* (3),
suggesting that r-arginine in addition to stimulation of
Ca”?* influx may stimulate insulin secretion by other
mechanisms (3, 7).
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depolarization (9) and the rise of cytoplasmic Ca** (10)
in a-cells. Activation of protein kinase C also partici-
pates in the effects of L-arginine on glucagon secretion
(11-13), but it is not known whether it also contributes
to L-arginine-induced insulin secretion.

Yet other data have focused on the possible signifi-
cance of nitric oxide (NO) in r-arginine stimulation of
insulin secretion. Thus r-arginine-derived NO has been
suggested not to be involved in L-arginine stimulation of
insulin secretion (6, 14, 15), to enhance r-arginine
stimulation of insulin secretion (16, 17), or to inhibit 1-
arginine stimulation of insulin secretion from pancrea-
tic B-cells (18—20). In accordance with a possible
significance of NO in r-arginine stimulation of insulin
secretion, islets have been found to express the
constitutive, Ca”*/calmodulin-dependent nitric oxide
synthase (cNOS), which may exhibit glucose-sensitive
NO synthesis in the presence of r-arginine (16, 20).
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However, a possible inhibitory role of L-arginine-derived
NO in insulin secretion relies largely on the observations
that cationic ¢cNOS inhibitors like N®-nitro-L-arginine
methyl ester (L-NAME), which per se may have a
capacity to stimulate membrane depolarization and
insulin secretion, increases r-arginine stimulation of
insulin secretion (18-20).

The aim of the present study was, therefore, threefold:
to assess the possible significance of membrane depolar-
ization, to evaluate the possible significance of protein
kinase C and to judge the possible importance of NO
in r-arginine potentiation of glucose-induced insulin
secretion.

It is demonstrated that r-arginine stimulates insulin
secretion through membrane depolarization, and that
activation of both protein kinase A and protein kinase C
may accentuate the stimulatory effect of membrane
depolarization in glucose-induced insulin secretion.
These processes occur independently of NO formation.

Materials and methods

Materials

Crude bacterial collagenase was obtained from Boeh-
ringer, Mannheim, Germany. Human serum albumin
was from Behringswerke AG, Marburg, Germany.
['%°I]Insulin and guinea-pig anti-insulin serum were
from Novo Nordisk A/S, Bagsveerd, Denmark.
[U-**C]Glucose (230-350 mCi/mmol) was from Amer-
sham International, Amersham, Bucks, UK; N®-nitro-L-
arginine methyl ester (L-NAME) was from Calbiochem,
San Diego, CA, USA; 1-arginine was from BDH, Poole,
Dorset, UK; tetraethylammonium chloride (TEA), 12-O-
tetradecanoylphorbol 13-acetate (TPA), forskolin and
diazoxide were from Sigma Chemical Co., St Louis, MO,
USA. All other chemicals were of analytical grade.

Preparation and culture of islets

Islets were prepared by collagenase digestion of the
pancreas of male albino mice (NMRI) (approx. 18-22 g
body weight) fed ad libitum on a standard laboratory
diet. Islets were kept in tissue culture for 22—24h in
TCM 199 medium (1.26mmol/l Ca?*, 5.5mmol/l
glucose) supplemented with 10% (v/v) newborn calf
serum (Gibco, Paisley, Strathclyde, UK), 20 mmol/l
HEPES, 5mmol/l NaHCO;, 100 units penicillin/ml,
and 100 ug streptomycin/ml.

Insulin release

Insulin release from islets was determined by peri-
fusion in a noncirculating system with beads of 0.25 ml
Bio-Gel P2 (Bio-Rad Laboratories, Rockville Center, NY,
USA) as a supporting medium, as described previously
(21). Twenty-five islets per chamber were perifused at
37°C at a flow rate of 0.26 ml/min. The effluent

EUROPEAN JOURNAL OF ENDOCRINOLOGY (1999) 140

medium was collected for periods of 5 or 10min.
Insulin was determined by radioimmunoassay. The rate
of insulin release was expressed as ng/min/100 islets.

Glucose oxidation

Glucose oxidation (formation of '*CO, from [U-'*C]glu-
cose) was determined as described previously (22).

Statistics

Results are given as means*s.e.m. for n experiments.
Statistical evaluation of the data was made by ANOVA,
followed by the Newman-Keuls test for mutiple
comparisons; not significant, P>0.05.

Results

Effects of L-arginine at 16.7 mmol/l glucose

At 16.7 mmol/I glucose, 1-arginine (10 mmol/l) potentiated
both phase 1 (45—50 min) and phase 2 (50—105 min)
glucose-induced insulin secretion (Fig. 1a). This ability of
r-arginine to potentiate both phases of glucose-induced
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Figure 1 Effects of L-arginine and TEA on glucose-induced insulin
secretion. (a) After 45min at 3.3 mmol/l glucose (Gls 3), islets were
perifused at 16.7 mmol/l glucose (Gly6.7) with (O) or without (@)

10 mmol/l L-arginine (Argyo). At the time point indicated both media
were supplemented with 20 mmol/l TEA (TEAyg). (b) Islets were
perifused at 16.7 mmol/l glucose with (O) or without (®) TEA

(20 mmol/l). Later 10 mmol/l L-arginine (Arg;o) was added to both
media as indicated. Results are means=s.e.m. (n = 3-5).
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Figure 2 Effects of L-arginine on glucose-induced insulin
secretion. After 45min at 3.3 mmol/l glucose (Gls 3), islets were
perifused at 16.7 mmol/l glucose (Gly6.7) with (O) or without

(®) 10 mmol/l L-arginine (Arg; o). Subsequently both media received
10 umol/l forskolin (Forskp) (a) or 0.16 umol/l TPA (TPAg 16) (b) as
indicated. Results are means=s.e.m. (n = 7-14).

insulin secretion was mimicked by the membrane
depolarizing agent TEA (20 mmol/l) (Fig. 1b), which
at 20 mmol/l closes both ATP-regulated, Ca**-activated
and delayed rectifying K™ channels in mouse pancreatic
B-cells (23-25). Furthermore, TEA (20 mmol/l) failed to
affect insulin release in the combined presence of
glucose (16.7 mmol/l)+r-arginine (10 mmol/l) (Fig. 1a)
and r-arginine (10 mmol/]) failed to affect insulin release
in the combined presence of glucose (16.7 mmol/1)+TEA
(20mmol/l) (Fig. 1b). Thus r-arginine may potentiate
glucose-induced insulin secretion by stimulation of
membrane depolarization.

In the presence of the adenylate cyclase activator
forskolin (10 umol/l) or the diacylglycerol analogue
TPA (0.16 umol/l), r-arginine (10 mmol/l) was no
longer able to potentiate glucose (16.7 mmol/l)-induced
insulin secretion (Fig. 2). Thus maximum sensitization
to glucose-induced Ca”* influx by activation of
protein kinase A or C (26) may obliterate the effect of
r-arginine-induced Ca®" influx on insulin secretion.

Effects of L-arginine at 3.3 mmol/l glucose

At 3.3 mmol/l glucose, 1-arginine (10 mmol/l) failed to
stimulate insulin secretion (Fig. 3). In accordance with

1-Arginine stimulation of insulin secretion 89

membrane depolarization by the electrogenic transport
of this cationic amino acid, however, 1-arginine
(10 mmol/l) stimulation of insulin secretion was size-
able in the presence of the K™ channel inhibitor TEA
(20 mmol/l), which may potentiate membrane depolar-
ization by r-arginine (Fig. 3a). In addition, r-arginine
stimulation was observed in the presence of forskolin
(10 umol/l) (Fig. 3b) and TPA (0.16 umol/l) (Fig. 3c),
which lower the Ca®* requirement in insulin secretion.
Thus glucose may sensitize L-arginine stimulation of
insulin secretion through potentiation of membrane
depolarization and by activation of protein kinase A
or C.
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Figure 3 Effects of TEA, forskolin and TPA on L-arginine-induced
insulin secretion. Islets were perifused at 3.3 mmol/l glucose (Gl3 3)
with (O) or without (@) 10 mmol/l L-arginine (Arg;o). Then both
media were supplemented with 20 mmol/l TEA (TEA,o) (a),

10 pmol/l forskolin (Forsk;g) (b) or 0.16 umol/l TPA (TPAg 16) (C) as
indicated. Results are means=s.e.m. (n = 3-6).
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Figure 4 Effects of L-arginine and glucose on insulin secretion in the
presence of K" +diazoxide. Islets were perifused at 3.3 mmol/l
glucose (Gl 3) or 16.7 mmol/l glucose (Gly6.7) and with (O) or
without (@) 60 mmol/l K*+250 umol/l diazoxide (K*go+Dz2s50) as
indicated. Subsequently 10 mmol/l L-arginine (Argio) was added to
all media. Results are means*s.e.m. (n = 3).
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Effects of L-arginine at 60 mmol/l
K +250 ymol/I diazoxide

When the 3-cell membrane is depolarized with 60 mmol/1
K" and the ATP-sensitive K™ channels are opened with
250 umol/1 diazoxide, glucose stimulation is confined to a
potentiation of Ca?*-induced insulin secretion (27-29).
Under these conditions, glucose (16.7 mmol/l) stimulated,
but r-arginine (10 mmol/l) failed to affect insulin secretion
(Fig. 4), suggesting that maximum membrane depolariza-
tion by K* may obliterate the stimulatory effect of
L-arginine on insulin secretion. Thus at 3.3 mmol/l
glucose, r-arginine (10 mmol/l) failed to potentiate K*
(60 mmol/l)+diazoxide (250 umol/l)—induced insulin
secretion (Fig. 4a). Furthermore at 16.7 mmol/I glucose,
K* (60 mmol/l)+diazoxide (250 pmol/l) eliminated the
stimulatory effect of 1-arginine (10 mmol/l) on glucose-
induced insulin secretion (Fig. 4b). r-Arginine may,
therefore, only stimulate insulin secretion through
stimulation of membrane depolarization.

Effects of L-NAME at 16.7 mmol/l glucose

L-NAME (5, 10 mmol/l) and t-arginine (5, 10 mmol/l)
equally potentiated both phases 1 and 2 of glucose-
induced insulin secretion, in a way which was
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Figure 5 Effects of L-NAME and L-arginine on glucose-induced
insulin secretion. After 45min at 3.3 mmol/l glucose (Gls 3), islets
were perifused at 16.7 mmol/l glucose (G5 ) in the absence (®) or
presence of L-NAME and/or L-arginine as outlined. (a) L-NAME at
5 mmol/l (x) or 10 mmol/l (O) (L-NAMEs:.,0); (b) L-arginine at 5 mmol/l
(*) or 20 mmol/l (O) (Args.10); (c) 5mmol/l L-NAME+5 mmol/l
L-arginine (O) (L-NAMEs+Args). At the indicated time point

0.16 umol/l TPA (TPA 16) was added to all media. Results are
means=s.e.m. (n = 6-20).

obliterated in the presence of TPA (0.16 umol/l)
(Fig. 5). Thus L-NAME, which like r-arginine stimulates
membrane depolarization but unlike r-arginine
inhibits ¢NOS, mimicked the pattern of r-arginine
stimulation of insulin secretion. Furthermore, the
combined addition of L-NAME (5mmol/l) and
L-arginine (5 mmol/l) did not further augment insulin
secretion as compared with r-arginine (10 mmol/l)
alone, suggesting that r-arginine and L-NAME have
additive effects in stimulation of insulin secretion
(Fig. 5).
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Figure 6 Effects of L-arginine and L-NAME on glucose oxidation.
Glucose oxidation at 16.7 mmol/l glucose was determined with or
without L-arginine and/or L-NAME (a) and without extracellular K*
(b) as indicated. Results are means=*s.e.m. (n = 3-9). "P < 0.001
versus control; “P < 0.05 versus control.

Effects of L-arginine and L-NAME on glucose
oxidation

Both r-arginine (5, 10 mmol/l) and L-NAME (5 mmol/l)
inhibited glucose oxidation at 16.7 mmol/l glucose
(Fig. 6a). Since L-NAME inhibits NO production, these
data do not suggest that r-arginine may lower glucose
oxidation through production of NO. Thus, r-arginine
(5mmol/l) and .-NAME (5 mmol/l) in combination did
not alleviate inhibition, but rather appeared to have
additive effects in inhibition of glucose oxidation. The
mechanism of this r-arginine inhibition of glucose
oxidation is not known, but it may be related to r-
arginine stimulation of K* efflux, since K™ omission
likewise lowered glucose oxidation (Fig. 6b).

Discussion

In accordance with previous data from several labora-
tories (1—6), this study suggests that the electrogenic
transport of the cationic amino acid r-arginine potenti-
ates glucose-induced insulin secretion by membrane
depolarization. Thus r-arginine stimulation of both
phase 1 and phase 2 of glucose-induced insulin
secretion was mimicked by the membrane depolarizing
agent TEA which, at variance from the direct effect of -
arginine on membrane potential may depolarize the
plasma membrane by inhibition of ATP-regulated,
Ca”*-activated and delayed rectifying K* channels in
mouse pancreatic 3-cells (23—25). Furthermore, maxi-
mum sensitization to glucose-induced Ca®* influx by
forskolin or TPA obliterated the effect of r-arginine on
insulin secretion.

Previous data have questioned membrane depolar-
ization as the sole mechanism in r-arginine potentiation
of insulin secretion, since rL-arginine stimulation of
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glucose-induced insulin secretion was found to persist
in the presence of a high K concentration, which was
suspected to cause maximum membrane depolarization
and stimulation of Ca?* influx through voltage-sensitive
Ca’* channels independent of r-arginine (3). However,
this finding was not confirmed by the present study in
which depolarization by K™ was found to prevent L-
arginine from further stimulating insulin secretion.

Glucose stimulates insulin secretion by means of a
synergistic interaction between at least two signalling
pathways. One, the ATP-sensitive K* channel-depen-
dent pathway, stimulates Ca* influx through voltage-
gated channels by closure of the ATP-sensitive K*
channels and depolarization of the 3-cell membrane.
The resulting increase in intracellular Ca®* induces
insulin secretion. The other, the ATP-sensitive K*
channel-independent, Ca’*-dependent pathway then
augments the Ca”*-stimulated release (27-29). When
the -cell membrane is depolarized with K* and the
ATP-sensitive K channels are opened with diazoxide,
only the ATP-sensitive K* channel-independent, Ca?*-
dependent effect of glucose on insulin secretion persists
(27-29). The finding that r-arginine under these
conditions, with maximum depolarization with K*,
failed to affect insulin secretion suggests that r-arginine
only potentiates glucose-induced insulin secretion
through stimulation of membrane depolarization.

Previous data have suggested that the permissive
effect of glucose on r-arginine stimulation of insulin
secretion is mediated by potentiation of r-arginine-
induced membrane depolarization and stimulation of
Ca’" influx (4). In agreement with these data r-arginine
stimulation of insulin secretion at low glucose concen-
trations was also allowed by TEA which, by closure of K™
channels may potentiate the direct effect of the cationic
amino acid on membrane potential. This may, however,
not be the sole mechanism by which glucose permits r-
arginine stimulation of insulin secretion.

It is well established that glucose, in addition to
inhibition of ATP-sensitive K* channels and stimulation
of Ca®" influx, may also activate adenylate cyclase,
stimulate cAMP accumulation and therefore activate
protein kinase A in mouse and rat islets (30). In
addition, recent data suggest that glucose may activate
protein kinase C through stimulation of Ca?* influx
(31-33). Thus glucose stimulation of adenylate cyclase
may occur in coordination with activation of protein
kinase C, which activates adenylate cyclase in islets
(30).

An implication of both protein kinase A and C in the
permissive effect of glucose on r-arginine stimulation is
substantiated by the ability of both the adenylate cyclase
activator forskolin and the diacylglycerol analogue TPA
to sensitize L-arginine stimulation of insulin secretion.
Neither of these agents affect the membrane potential at
3.3 mmol/l glucose (34, 35), and most likely, these
effects of forskolin and TPA are mediated by lowering of
the Ca”?* requirement for insulin secretion through
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sensitization of the exocytotic machinery to even small
changes in Ca?" influx in response to r-arginine (26).
Thus glucose may sensitize L-arginine stimulation of
insulin secretion by three mechanisms, i.e. stimulation
of membrane depolarization, activation of protein
kinase A and activation of protein kinase C.

Altogether the present data do not point to a
significant stimulatory or inhibitory role of r-arginine-
derived NO in 1-arginine-induced insulin secretion.

Recent data have demonstrated that pancreatic islets
express the constitutive, Ca?*/calmodulin-sensitive
NOS, and that glucose-induced Ca®" influx therefore
may stimulate NO production in the presence of 1-
arginine (16, 20). Several studies have not, however,
been able to demonstrate that the small changes in NO
accumulation, which may follow r-arginine stimula-
tion, affect glucose-induced insulin secretion (6, 14). A
few studies have suggested that 1-arginine-derived NO
may inhibit glucose-induced insulin secretion, since L-
NAME at 5mmol/l in these studies failed to stimulate
insulin secretion, but potentiated a rather weak effect of
5mmol/l L-arginine on glucose-induced insulin secre-
tion (18-20). In this regard, it should be emphasized
that r-arginine per se has been demonstrated to require a
certain threshold concentration for stimulation of
insulin secretion (3), suggesting that combined effects
of threshold concentrations of r-arginine and L-NAME
in these studies may represent additive effects in
stimulation of insulin secretion (18-20). Thus, poten-
tiation of r-arginine-induced insulin secretion by the
¢NOS inhibitor L-NAME in the present study appeared
to rely solely on additive effects of these cationic agents
on membrane depolarization since L-NAME potentia-
tion of both phase 1 and phase 2 of glucose-induced
insulin secretion were additive with r-arginine and were
obliterated in the presence of TPA.

In agreement with several previous studies (36, 37),
L-arginine appeared to have a small inhibitory effect on
glucose oxidation in the present study. NO has been
demonstrated to inhibit glucose-induced insulin secre-
tion through inhibition of phosphofructokinase and
aconitase (38, 39). The inhibitory effect of L-arginine on
glucose oxidation may, however, not represent NO
inhibition of phosphofructokinase and aconitase, since
L-NAME showed a similar tendency and did not relieve
L-arginine-induced inhibition of glucose oxidation.
Since r-arginine has previously been shown not to be
metabolised in islets (3) and since L-NAME is most likely
not metabolised in islets, the inhibitory effect of these
agents on glucose metabolism may also be associated
with membrane depolarization. Thus membrane depo-
larization by r-arginine is accompanied by a large
stimulation of K* efflux through activation of delayed
rectifying K* channels (4, 34), which may lower
cellular K* and inhibit pyruvate kinase (40). K*
omission showed a similar ability to inhibit glucose
oxidation, suggesting that r-arginine may inhibit
glucose metabolism through lowering of cellular K*.
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The possible significance of this small albeit significant
inhibition of glucose metabolism in the interplay
between glucose and r-arginine in the stimulation of
insulin secretion remains to be fully established.

In conclusion this study has clearly demonstrated
that r-arginine, independent of NO, potentiates glucose-
induced insulin secretion through stimulation of
membrane depolarization, and that glucose may
sensitize 1-arginine stimulation by three mechanisms
i.e. by potentiation of membrane depolarization, by
activation of protein kinase A and by activation of
protein kinase C.

Acknowledgements

This work was supported by the Danish Diabetes
Association and Novo's Foundation. The skilful techni-
cal assistance of Lene Hoyer and Bente Vinther is highly
appreciated.

References

1 Charles S, Tamagawa T & Henquin JC. A single mechanism for the
stimulation of insulin release and *°Rb* efflux from rat islets by
cationic amino acids. Biochemical Journal 1982 208 301-308.

2 Henquin JC & Meissner HP. Effects of amino acids on membrane
potential and 3°Rb™ fluxes in pancreatic 8-cells. American Journal
of Physiology 1981 240 E245-E252.

3 Blachier F, Mourtada A, Sener A & Malaisse WJ. Stimulus-
secretion coupling of arginine-induced insulin release. Uptake of
metabolized and non-metabolized cationic amino acids by
pancreatic islets. Endocrinology 1989 124 134-141.

4 Hermans MP, Schmeer W & Henquin JC. The permissive effect of

glucose, tolbutamide and high K* on arginine stimulation of

insulin release in isolated mouse islets. Diabetologia 1987 30

659-665.

Smith PA, Sakura H, Coles B, Gummerson N, Proks P & Ashcroft

FM. Electrogenic arginine transport mediates stimulus-secretion

coupling in mouse pancreatic §-cells. Journal of Physiology 1997

499 625-635.

6 Weinhaus AJ, Poronnik P, Tuch BE & Cook DI. Mechanisms of

arginine-induced increase in cytosolic calcium concentration in

the beta-cell line NIT-1. Diabetologia 1997 40 374—382.

Sener A, Blachier F, Rasschaert ] & Malaisse WJ. Stimulus-

secretion coupling of arginine-induced insulin release: compar-

ison with histidine-induced insulin release. Endocrinology 1990

127 107-113.

8 Gerich JE, Frankel BJ, Fanska R, West L, Forsham PH & Grodsky
GM. Calcium dependency of glucagon secretion from the in vitro
perfused rat pancreas. Endocrinology 1974 94 1381-1385.

9 Rorsman P & Hellman B. Voltage-activated currents in guinea pig
pancreatic alpha 2 cells. Evidence for Ca®*-dependent action
potentials. Journal of General Physiology 1988 91 223-242.

10 Johansson H, Gylfe E & Hellman B. Cyclic AMP raises cytoplasmic
calcium in pancreatic alpha 2-cells by mobilizing calcium incorpo-
rated in response to glucose. Cell Calcium 1989 10 205-211.

11 Hii CST & Howell SL. Role of second messengers in the regulation
of glucagon secretion from isolated rat islets of Langerhans.
Molecular and Cellular Endocrinology 1987 50 37—-44.

12 Bjaaland T, Hii CST, Jones PM & Howell SL. Role of protein kinase
Cin arginine-induced glucagon secretion from isolated rat islets of
Langerhans. Journal of Molecular Endocrinology 1988 1 105-110.

13 Yamato E, Ikegami H, Tahara Y, Cha T, Yoneda H, Noma Y et al.
Role of protein kinase C in the regulation of glucagon gene
expression by arginine. Biochemical and Biophysical Research
Communications 1990 171 898-904.

vl

N}



EUROPEAN JOURNAL OF ENDOCRINOLOGY (1999) 140

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Jones PM, Persaud SJ, Bjaaland T, Pearson JD & Howell SL. Nitric
oxide is not involved in the initiation of insulin secretion from rat
islets of Langerhans. Diabetologia 1992 35 1020-1027.

Vincent SR. Nitric oxide and arginine-evoked insulin secretion.
Science 1992 258 1376.

Schmidt HHHW, Warner TD, Ishii K, Sheng H & Murad F. Insulin
secretion from pancreatic B cells caused by r-arginine-derived
nitrogen oxides. Science 1992 255 721-723.

Laychock SG, Modica ME & Cavanaugh CT. 1-Arginine stimulates
cyclic guanosine 3’,5'-monophosphate formation in rat islets of
Langerhans and RINmS5F insulinoma cells: evidence for r-arginine:
nitric oxide synthase. Endocrinology 1991 129 3043-3052.
Panagiotidis G, Alm P & Lundquist I. Inhibition of islet nitric oxide
synthase increases arginine-induced insulin release. European
Journal of Pharmacology 1992 229 277-278.

Panagiotidis G, Akeson B, Rydell EL. & Lundquist I. Influence of
nitric oxide synthase inhibition, nitric oxide and hydroperoxide on
insulin release induced by various secretagogues. British Journal of
Pharmacology 1995 114 289-296.

Salehi A, Carlberg M, Henningson R & Lundquist I. Islet
constitutive nitric oxide synthase: biochemical determination
and regulatory function. American Journal of Physiology 1996 270
C1634-C1641.

Thams P, Capito K, Hedeskov CJ & Kofod H. Phorbol-ester-induced
down-regulation of protein kinase C in mouse pancreatic islets.
Potentiation of phase 1 and inhibition of phase 2 of glucose-
induced insulin secretion. Biochemical Journal 1990 265 777-787.
Thams P, Hansen SE, Capito K & Hedeskov CJ. Role of glucose
metabolism and phosphoinositide hydrolysis in glucose-induced
sensitization/desensitization of insulin secretion from mouse
pancreatic islets. Acta Physiologica Scandinavica 1995 154 65-74.
Fatherazi S & Cook DL. Specificity of tetraethylammonium and
quinine for three K channels in insulin-secreting cells. Journal of
Membrane Biology 1991 120 105-114.

Bokvist K, Rorsman P & Smith PA. Block of ATP-regulated and
Ca’*-activated K* channels in mouse pancreatic B-cells by
external tetraethylammonium and quinine. Journal of Physiology
1990 423 327-342.

Bokvist K, Rorsman P & Smith PA. Effects of external tetra-
ethylammonium ions and quinine on delayed rectifying K*
channels in mouse pancreatic §-cells. Journal of Physiology 1990
423 311-325.

Hughes §J, Christie MR & Ashcroft SJH. Potentiators of insulin
secretion modulate Ca”" sensitivity in rat pancreatic islets.
Molecular and Cellular Endocrinology 1987 50 231-236.

Gembal M, Gilon P & Henquin JC. Evidence that glucose can
control insulin release independently from its action on ATP-
sensitive K* channels in mouse B cells. Journal of Clinical
Investigation 1992 89 1288-1295.

Sato Y, Aizawa T, Komatsu M, Okada N & Yamada T. Dual
functional role of membrane depolarization/Ca** influx in rat
pancreatic 3-cell. Diabetes 1992 41 438—443.

Gembal M, Detimary P, Gilon P, Gao ZY & Henquin JC.
Mechanisms by which glucose can control insulin release

30

31

32

33

34

35

36

37

38

39

40

93

1-Arginine stimulation of insulin secretion

independently from its action on adenosine triphosphate-sensitive
K* channels in mouse B cells. Journal of Clinical Investigation 1993
91 871-880.

Thams P, Capito K & Hedeskov CJ. Stimulation by glucose of cyclic
AMP accumulation in mouse pancreatic islets is mediated by
protein kinase C. Biochemical Journal 1988 253 229-234.
Deeney JT, Cunningham BA, Chheda S, Bokvist K, Juntti-
Berggren L, Lam K et al. Reversible Ca®*-dependent translocation
of protein kinase C and glucose-induced insulin release. Journal of
Biological Chemistry 1996 271 18154—18160.

Yedovitzky M, Mochly-Rosen D, Johnson JA, Gray MO, Ron D,
Abramovitch E et al. Translocation inhibitors define specificity of
protein kinase C isoenzymes in pancreatic f-cells. Journal of
Biological Chemistry 1997 272 1417-1420.

Wang ], Chakravarthy BR, Morley P, Whitfield JE, Durkin JP &
Begin-Heick N. Glucose, potassium, and CCK-8 induce increases
in membrane-associated PKC activity that correspond to
increases in [Ca?*]; in islets cells from neonatal rats. Cellular
Signalling 1996 8 305-311.

Henquin JC & Meissner HP. Cyclic adenosine monophosphate
differently affects the response of mouse pancreatic B-cells to
various amino acids. Journal of Physiology 1986 381 77-93.
Bozem M, Nenquin M & Henquin JC. The ionic, electrical, and
secretory effects of protein kinase C activation in mouse
pancreatic (-cells: studies with a phorbol ester. Endocrinology
1987 121 1025-1033.

Blachier F, Leclercq-Meyer V, Marchand ], Woussen-Colle M-C,
Mathias PCF, Sener A et al. Stimulus-secretion coupling of
arginine-induced insulin release. Functional response of islets to
r-arginine and r-ornithine. Biochimica et Biophysica Acta 1989
1013 144-151.

Jansson L & Sandler S. The nitric oxide synthase II inhibitor N°-
nitro-L-arginine stimulates pancreatic islet insulin release in vitro,
but not in the perfused pancreas. Endocrinology 1991 128 3081—
3085.

Tsuura Y, Ishida H, Hayashi S, Sakamoto K, Horie M & Seino Y.
Nitric oxide opens ATP-sensitive K* channels through suppres-
sion of phosphofructokinase activity and inhibits glucose-induced
insulin release in pancreatic B-cells. Journal of General Physiology
1994 104 1079-1099.

Welsh N, FEizirick DL, Bendtzen K & Sandler S. Interleukin-1-
induced nitric oxide production in isolated rat pancreatic islets
requires gene transcription and may lead to inhibition of the
Krebs cycle enzyme aconitase. Endocrinology 1991 129 3167-
3173.

Sener A, Kanazu S & Malaisse WJ]. The stimulus-secretion
coupling of glucose-induced insulin release. Metabolism of
glucose in K'-deprived islets. Biochemical Journal 1980 186
183-190.

Received 29 September 1998
Accepted 2 October 1998



