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Nitric Oxide and Arginine-Evoked Insulin Secretion

Cationic amino acids stimulate secretion
in exocrine and endocrine tissues. H. H. H.
W. Schmidt et al. (I) suggest that the
insulinotropic action of L-arginine may be
explained by the formation of nitric oxide
(NO) from L-arginine by the action of NO
synthase in pancreatic B cells. In support of
this hypothesis, they undertook histochem-
ical and immunohistochemical staining for
NO synthase in rat islets. The immunohis-
tochemical staining of the endocrine cells
as presented [figure 4A in (I)] is not clear,
however. Furthermore, the fixation condition
used with the reduced nicotinamide adenine
dinucleotide phosphate (NADPH)—-diapho-
rase histochemistry was not appropriate for
the demonstration of NO synthase. When
pancreatic tissue was processed with the
NADPH-diaphorase histochemical method,
which we have shown to be specific for NO
synthase (2), a different picture emerged
(Fig. 1). Darkly stained neurons were found
scattered in ganglia in the pancreas, and
positive fibers were seen innervating the
islets. No staining of the endocrine cells
was apparent.

Schmidt et al. also show that, in the
presence of glucose, the clonal pancreatic B
cell line HIT-T15 released nitrate and ni-
trite in response to arginine. These trans-
formed cells are not normal B cells; they
secrete much less insulin than normal cells
and have an altered response to glucose. In

Flg. 1. Histochemical localization of NADPH-
diaphorase (NO synthase) in an islet of Langer-
hans from rat pancreas. A network of thin
varicose fibers throughout the islet contains NO
synthase, but the endocrine and exocrine cells
of the pancreas are unstained. The rat was
perfused with paraformaldehyde (4%) in a
phosphate buffer (0.1 M), and the pancreas
was removed, soaked in 15% sucrose over-
night, sectioned at 20 pm, and thaw-mounted
onto submerged slides in a cryostat. Sections
were stained in 10 ml of 20 mM sodium phos-
phate buffer (pH 7.4) containing 10 mg of
B-NADPH, 1 mg of nitroblue tetrazolium, and
0.3% Triton X-100, at 37°C for 1 hour. They were
then rinsed in buffer, air-dried, and cover-
slipped. Scale bar, 100 pm.
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an earlier study that used rat islets, no
difference in nitrite production was seen
after treatment with L-arginine (1 mM) or
NC.-nitroarginine methyl ester (NAME)
(1 mM) without arginine (3). Islets accu-
mulate and convert exogenous L-arginine
primarily into L-ornithine and urea, not
into citrulline, the expected product of a
NO synthase (4). Also, the response to
L-arginine described by Schmidt et al.
showed a U-shaped dose response that was
maximal between 0.1 and 1 mM L-argi-
nine, but 10 mM L-arginine produced no
significant effect. However, 10 mM L-ar-
ginine is a potent stimulus for insulin
secretion from rat islets (4). Thus nitrate
and nitrite production and insulin secre-
tion from rat islets in response to L-argi-
nine appears to be unrelated.

Arginine-induced increases in islet gua-
nosine 3’,5’-monophosphate (cGMP) also
appear unrelated to arginine-induced insu-
lin release. Thus, D-arginine is as potent an
insulinotropic agent as L-arginine, although
it is not a substrate for NO synthase and
does not lead to an increase in islet cGMP
concentrations (5).

Schmidt et al. report that NC-methyl-L-
arginine (MeArg) and NC-nitro-L-arginine
(NOArg) inhibited glucose-evoked insulin
release from HIT-T15 cells. MeArg and
NOArg, however, stimulated insulin re-
lease from cultured islets exposed to glucose
(3). C. Southem et al. found that incuba-
tion of isolated islets with L-arginine (1
mM) or NAME (1 mM) had no effect on
insulin secretion in response to 20 mM of
glucose (6). Instead, they found that inter-
leukin-1p~induced inhibition of insulin se-
cretion was mediated by L-arginine—depen-
dent NO formation (6). NO generation
cannot simultaneously mediate both the
stimulation and inhibition of insulin secre-
tion from B cells.

Schmidt et al. show that intravenous
injection of MeArg produced a dose-depen-
dent inhibition of glucose-stimulated insu-
lin secretion in the anesthetized rat. How-
ever, no evidence is presented that this
effect was mediated within the islets. In-
deed, others have found that both arginine
and MeArg stimulate insulin release in the
perfused rat pancreas (3).

Schmidt et al. suggest that the observa-
tion that insulin secretion is correlated with
the intracellular concentration of NADPH
(7) supports the hypothesis that L-arginine
is converted to NO by a type I NO syn-
thase. They do not mention, however, that
L-arginine—induced insulin release was not
associated with any change in NADPH
fluorescence in islets (7).
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Finally, Schmidt et al. suggest that a
defect in arginine oxidation may be in-
volved in the pathogenesis of diabetes mel-
litus. In patients with noninsulin-depen-
dent diabetes mellitus, however, the B cell
response to arginine appears normal (8).
Instead, these patients show a characteristic
and selective loss of glucose-induced insulin
secretion.

L-lysine, L-ornithine, L-homoarginine,
and other cationic amino acids produce an
increase in insulin secretion similar to that
seen with L-arginine. This insulinotropic
action is dependent on amino acid accumu-
lation, but does not require their metabo-
lism (4). A similar mechanism probably
accounts for the insulin secretion induced
by positively charged arginine analogs such
as MeArg and NOArg (3). Thus, although
NO generation in parasympathetic neurons
may influence islet function, NO produc-
tion within B cells cannot explain the
secretory action of cationic amino acids.
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Response: We detected immunohistochem-
ically type I NO synthase (NOS) in pan-
creatic B cells with the use of a monospe-
cific antiserum to rat cerebellum type I
NOS (I). This was supported by protein
immunoblot studies with the HIT-T15 pan-
creatic B cell line. The histochemical
NADPH-diaphorase (NADPH-d) stain
may, under certain conditions, serve as an
additional marker for one or more types of
NOS (2). S. R. Vincent’s figure 1 shows
weak NADPH-d staining diffusely over an
islet of Langerhans and more intensely in
nerve fibers. In rat pancreas tissue stained
for NADPH-d (3), we observed that islets
of Langerhans stain intensely (Fig. 1) and
diffusely (1) for NADPH-d, suggesting the
presence of NOS in the majority of islet



Fig. 1. Histochemical localization of NADPH-d
in islets of Langerhans from rat. Preparations of
sections, fixing, and staining procedures were
as described in (3). Scale bar, 0.2 mm.

endocrine cells. J. M. Polak and her co-
workers have confirmed our immunohisto-
chemical localization of NOS to endocrine
cells of rat pancreatic islets with the use of
another antibody to NOS (4). Our antibody
to NOS type I cross-reacts with nitrinergic
nerves and neurons in different organs and
species (5), and we would expect the same
for nitrinergic nerves in islets. However, the
strength of the NADPH-d reaction that we
observed in the entire islet may have masked
labeling of NADPH-d-positive fine nerve
fibers described by Vincent.

We do not agree with Vincent’s criti-
cisms against the use of HIT-T15 cells as
these cells are known to retain the secretory
properties of normal pancreatic B cells to
glucose, L-arginine, sulfonylureas, and acti-
vators of protein kinases; also, both adeno-
sine triphosphate-sensitive K* channels
and voltage-sensitive Ca?* channels are
present in HIT-T15 cells, as required for
physiological glucose-stimulated insulin re-
lease, (6, 7).

Vincent states that the amount of
c¢GMP in pancreatic islets does not gener-
ally correlate with insulin secretion. None-
theless, it has been shown that exogenous
c¢GMP or stable cGMP—analogs trigger
insulin release (8). S. G. Laychock et al.
(9) also presented pharmacological evi-
dence (i) that glucose and L-arginine in-
crease cGMP in isolated pancreatic islets
and in cultured RINm5F insulinoma cells
and (i) that insulin release induced by
glucose and L-arginine is attenuated by
the NOS inhibitor N“-methyl-L-arginine
(MeArg) and by the soluble guanylyl cyclase-
inhibitors methylene blue and LY83583.
Laychock et al. (9) and we (1) have found
that about 40% of such insulin release is
blocked by NOS inhibitors. Although S.
Sandler and co-workers (10) showed that
the NOS inhibitors MeArg and N*-nitro-
L-arginine (NO,Arg) stimulate rather than
inhibit insulin release, this occurred in the
presence of low amounts of glucose that do
not cause release of insulin. We demon-
strated that insulin release stimulated by
glucose (either alone or in synergistic com-
bination with L-arginine) is specifically me-

diated by NO (1). Sandler and co-workers
(11) found, as we did, that the NOS inhib-
itors MeArg and NO,Arg reduce insulin
release in response to glucose.

Vincent cites a paper by F. Blachier et al.
(12), which suggests that supraphysiologi-
cal concentrations of L-arginine and other
cationic amino acids stimulate insulin re-
lease by a common nonspecific charge ef-
fect. However, this view was negated in a
later paper from the same laboratory (13).
We observed a U-shaped concentration-
response curve for L-arginine-induced NO
release in HIT-T15 cells. A similar decrease
in the effectiveness of supraphysiological
concentrations of pancreatic B cell stimu-
lators was observed for the insulin and
c¢GMP response to L-arginine (1) and the
insulin response to glucose (7).

Vincent states that “NO generation can-
not simultaneously mediate both the stimu-
lation and inhibition of insulin secretion
from B cells.” However, small amounts of
NO can produce a physiological signal,
whereas large amounts are cytotoxic (14).
Depending on the concentration and dura-
tion of exposure to NO, both physiological
and pathophysiological effects can occur
within one organ system (14). Interleukin-
1B-activated macrophages kill syngeneic is-
let cells by a process that involves induction
of a NOS (presumably type II) and release of
large quantities of NO (15). The L-argin-
ine:NO pathway we described (1) involves a
constitutive type I isoform of NOS that
produces relatively small quantities of NO,
presumably for cell-signaling purposes.

It has been shown (16) that the amount
of intracellular NADPH, a co-substrate of
NOS, is correlated with (glucose-induced)
insulin release. Glucose, the trigger for
insulin release, is metabolized to produce
NADPH. We did not imply an L-arginine-
induced change (increase or decrease) in
islet NADPH concentrations, nor would
we expect it. First, the metabolism of L-ar-
ginine to NO consumes, rather than gener-
ates, NADPH, and second, the turnover
rate of NADPH by a constitutive type I
NOS is probably too small relative to that
required for an appreciable decrease in the
intracellular NADPH.

Vincent remarks that citrulline is not
the major product of L-arginine metabo-
lism by pancreatic B cells. However, es-
sentially the same argument can be made
for almost every other cell type that con-
tains the L-arginine:NO pathway. The
overall contribution of this pathway to
intracellular L-arginine metabolism is too
small to cause an increase in the amounts
of intracellular L-citrulline that are com-
parable to the amounts of metabolites
arising from urea cycle enzymes. More-
over, several cell types regenerate L-argi-
nine from L-citrulline (17), and this may

SCIENCE ¢ VOL. 258 ¢ 20 NOVEMBER 1992

also be the case for pancreatic B cells.
The insulinotropic effect of L-arginine
depends on the concentration of plasma
glucose and is not normal in patients with
noninsulin-dependent diabetes mellitus
(NIDDM). The seemingly normal insulin
response to L-arginine in NIDDM (refer-
ence 8 of Vincent’s comment) is an arti-
fact of hyperglycemia in these patients
(18). When nondiabetic subjects are made
as hyperglycemic as NIDDM patients, the
insulin response to L-arginine is greatly
diminished (19). Therefore, constitutive
NO generation in pancreatic B cells influ-
ences islet function and is a mechanism of
insulin secretion induced by L-arginine

and D-glucose.
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Polyamine Depletion and Drug-Induced
Chromosomal Damage: New Results

During studies to establish why pretreat-
ment of 9L cells with a-difluoromethylorni-
thine (DFMO) enhanced cell killing in-
duced by 1,3-bis-(2-chloroethyl)-1-nitro-
sourea (BCNU) (1) and reduced cell killing
induced by cis-platinum (2), we reported, in
1982, an enhancement of BCNU-induced
sister chromatid exchanges (SCE’s) and a
reduction in cis-platinum-induced SCE fre-
quency with DFMO pretreatment (3). Sub-
sequently, we could neither replicate the
DFMO enhancement of BCNU-induced
SCE’s in separate experiments (4) nor con-
firm those findings by rescoring the slides
from the original experiments. In 1989, we
therefore retracted our report of DEMO en-
hancement of BCNU-induced SCEs in 9L
cells (4). The enhancement of BCNU cell
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killing by DFMO pretreatment had proved
certain, however, and the discrepancy was
puzzling in view of repeated confirmation of
the correlation between reduced cell killing
and SCE frequency with cis-platinum (3).
New experimental results reported by
others (5) show that when DFMO remains
in the cell culture medium during the

" period of BCNU treatment, the procedure

enhances the number of BCNU-induced
SCE’s in 9L cells. When the DFMO-
containing medium is removed and the
cells are rinsed before BCNU is added,
however, the additional rinsing procedure
greatly diminishes or eliminates the en-
hancement. We believe that our replicate
experiments (4) deviated from our original
protocol (3) by the introduction of an
additional rinsing procedure, thereby ac-
counting for the discrepant results. There
is now evidence that slides containing
DFMO-treated cells degrade over time
(6). Such a degradation over the 5 years
between the original scoring of the slides
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and the rescoring attempts could have

contributed to our inability to confirm the
original findings.
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