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The Stimulus-Secretion Coupling of

Glucose-Induced Insulin Release

METABOLIC AND FUNCTIONAL EFFECTS OF NH,* IN RAT ISLETS

A. SENER, J. C. HUTTON, S. KawaAzu, A. C. BOSCHERO, G. SOMERS, G. DEVIS,
A. HERCHUELZ, and W. J. MALAISSE, Laboratory of Experimental Medicine,
Brussels University School of Medicine, Brussels, Belgium

ABSTRACT NH,* caused a dose-related, rapid, and
reversible inhibition of glucose-stimulated insulin
release by isolated rat islets. It also inhibited glyceral-
dehyde-, Ba?*-, and sulfonylurea-stimulated insulin
secretion. NH,* failed to affect glucose utilization and
oxidation, glucose-stimulated proinsulin biosynthesis,
the concentration of ATP, ADP, and AMP, and the
intracellular pH. NH,* also failed to affect the ability
of theophylline and cytochalasin B to augment glucose-
induced insulin release. However, in the presence and
absence of glucose, accumulation of NH,* in islet cells
was associated with a fall in the concentration of NADH
and NADPH and a concomitant alteration of *¥Rb* and
45Ca%* (or '*Ba?*) handling. These findings suggest
that reduced pyridine nucleotides, generated by the
metabolism of endogenous or exogenous nutrients,
may modulate ionophioretic processes in the islet cells
and by doing so, affect the net uptake of Ca?** and
subsequent release of insulin.

INTRODUCTION

In the preceding reports in this series (1, 2), we have
used menadione to lower the concentration of reduced
pyridine nucleotides (NADH and NADPH) in isolated
pancreatic islets, and obtained data to suggest that the
generation of such nucleotides plays a key role in the
process of glucose-induced insulin release, by coupling
metabolic events (e.g., glycolysis, mitochondrial oxida-
tion) to subsequent cationic events (e.g., K* and Ca?*

This paper is the 32nd in a series.

Dr. Boschero is a Research Fellow of the Fundagao
de Amparo a Pesquisa, Sao Paulo, Brazil. Dr. Kawazu was a
recipient of a grant-in-aid from Hoechst, Frankfurt, West
Germany. Dr. Hutton was a recipient of a Pfizer Travel Award
through the European Association for the Study of Diabetes.

Received for publication 15 February 1978 and in revised
form 6 June 1978.

868

J. Clin. Invest. © The American Society for Clinical Investigation, Inc.,

accumulation in islet cells). The latter concept was
already proposed as a working hypothesis by several
investigators (3-6).

The present study, reported in abstract form else-
where (7), aims at further exploring the validity of such
a concept. For this purpose, we have used NH,*, which
is known to lower the concentration of reduced pyri-
dine nucleotides in liver cells, by regulating the activity
of glutamate dehydrogenase (8-10). Previous reports
have already indicated that NH,* is an inhibitor of
insulin release (11-13). However, to our knowledge,
the mode of action of NH,* upon islet function had
not as yet been explored in any great detail.

METHODS

Insulin release by isolated islets. Pancreatic islets were
isolated from the pancreas of fed female albino rats (150-
200 g, body wt) by the collagenase technique. They were
incubated in groups of eight islets each in a 1.0-ml bicar-
bonate-buffered medium containing 5 mg/ml albumin; the
release of insulin was measured as described elsewhere (14).
The chloride salt of NH,* was invariably used in the present
study.

Insulin release by the perfused pancreas. Pancreases
removed from fed rats were placed in an open circuit extra-
corporeal perfusion unit, as described elsewhere (15). The
perfusate contained 5 mg/ml albumin and 40 mg/ml dextran;
as previously outlined (16). The Ca?* concentration of the
perfusate (2 mM) was twice that of the medium used for
incubation of islets.

Proinsulin biosynthesis. The method used to assess the
biosynthetic activity of the islets was previously described
(17). Briefly, groups of 100 islets each were incubated for 90
min in the presence of [*H]leucine. After repeated washes,
the islets were homogenized in subgroups of eight islets each
and examined for their content in both TCA-precipitable and
insulin-like, immunoreactive tritiated peptides.

Uptake of NH,* by the islets. Groups of 10 islets each
were incubated for 20 min in 60 ul of incubation medium
placed in small polythene tubes (Beckman microfuge tubes,
Beckman Instruments, Inc., Palo Alto, Calif.). The islets were
then separated from the incubation medium by passing the

0021-9738/78/1001-868 $1.00
Volume 62 October 1978 868-878



latter through a layer of silicon oil (0.2 ml; Versilube F50;
General Electric Co., Bergen-op-Zoom, Netherlands). The
islets were immediately mixed with 1.0 ul of HCI (50 mM)
in a 20% (wt/vol) sucrose solution, which was introduced
into the tube through the oil layer using a microsyringe. The
tubes were centrifuged and heated at 80°C for 5 min. The
upper phase (i.e. the incubation medium and part of the oil
layer) was aspirated. For the assay of NH,*, a 5-ul reaction
mixture, which consisted of a 50 mM tris buffer (pH 8.3) con-
taining sucrose (20%, wt/vol); 250 uM NADH, 10 mM a-
ketoglutarate, and 18 U/ml beef liver glutamate dehydro-
genase (glycerol suspension), was introduced into the tube
using a microsyringe and mixed with the solution in the tip of
the tube (18). The tubes were then incubated for 60 min at
37°C, and the reaction stopped by addition of HCI (0.1 M;
75 ul). After a 10-min incubation at 25°C to ensure destruc-
tion of NADH, a 60-u] sample of the aqueous phase was mixed
with 1 ml NaOH (6 N) in a fluorimeter tube, and heated at
60°C for 10 min to develop the NAD fluorescence, which
was determined using a fluorometer (Aminco Chew-Glow
Photofluorometer; American Instrument Co., Travenol
Laboratories Inc., Silver Spring, Md.). Standard solutions of
NH,CI in 50 mM HCI-20% (wt/vol) sucrose were treated in
the same way.

Glucose metabolism in the islets. The methods used for
the measurement of glucose oxidation (19) and glucose utiliza-
tion (i.e. the conversion of [5-*Hlglucose to *H,0; see refer-
ence 20) are described elsewhere.

Assay of adenine and pyridine nucleotides. The proce-
dures used for the assay of adenine and pyridine nucleotides
in the islets were previously described (2).

Measurement of intracellular pH. Groups of 10 islets each
derived from the same batch of islets were incubated for 30
min in 0.1 ml of medium containing [6,6'(n)-*H]sucrose
(1.0 mM; 20 uCi/ml) and either (5,5-dimethyl[2-*C]-
oxazolidine-2,4-dione ([*C]DMO);! 1.17 mM; 10 uCi/ml) or
[*Clurea (10 mM; 10 uCi/ml), so that the apparent intra-
cellular space of distribution of [*C]DMO or [**Clurea could
be measured in the same experiment(s). From these two series
of values, the intracellular pH was calculated (21, 22), the
relative error (SEM/mean) on each series of measurement
being summed together. The islets were separated from the
incubation medium as described elsewhere (23). The validity
of the experimental design was assessed by measuring the
intracellular pH of islets exposed to an acidic medium (pH
6.25-6.28), which was prepared by reducing the NaHCO,
concentration from 24.0 to 2.4 mM, replacing the missing
NaHCO; by an equimolar amount of NaCl, and equilibrating
against the usual mixture of O, (95%) and CO, (5%).

Cationic fluxes. For measurement of ®Rb* efflux, groups of
100 islets each were preincubated for 60 min in 0.6 ml of a
medium containing 2.8 mM glucose and %*Rb* (0.1-0.2 mM;
80 uCi/ml). The islets were then washed twice with an Rb-
free medium and placed in a perifusion chamber, the effluent
radioactivity being continuously monitored (24).

The net uptake of ¥Rb* was measured in groups of 10 is-
lets each, as described elsewhere (23, 24). The same technique
was used for measuring the net uptake of !33Ba?* or *Ca?*.
In each case, the islets were incubated in the presence of
radioactive cation as well as [*H]sucrose and, thereafter,
separated from the incubation medium, by passing the latter
through a layer of di-n-butyl phthalate. The efflux of *Ca2* was
measured by a method previously described (25).

Presentation of results. All results are expressed as the

! Abbreviation used in this paper: DMO, 5,5-dimethyl
oxazolidine-2,4-dione.

mean (+*SEM) together with the number of individual
observations (n). Comparison of experimental and control
data is restricted to measurements collected within the same
experiment(s), all islets in each experiment being derived
from the same initial batch.

RESULTS

(1) Effect of NH,* upon glucose-induced insulin
release. Ammonium caused a dose-related inhibition
of insulin release evoked by 16.7 mM glucose in
isolated pancreatic islets (Fig. 1A). A 50% inhibition
was observed at a NH,* concentration close to 1.0 mM.
At NH,* 5.0 mM, the rate of insulin release was close
to its basal value. The inhibitory effect of 5.0 mM NH,*
upon glucose-stimulated insulin release was unaf-
fected by raising the sugar concentration up to 27.8
mM (Fig. 1B). In the isolated perfused rat pancreas,
the effect of NH,* was rapid and rapidly reversible, a
biphasic secretory pattern being noticed upon removal
of NH,* (Fig. 2). The effect of NH,* upon insulin
release was also reversible in the isolated islets. During
a first 60-min incubation, the secretion of insulin
evoked by 16.7 mM glucose was reduced by 5.0 mM
NH,* from a control value of 177.4+14.2 to 6.4+10.4
uUlislet per 60 min, the latter value being comparable
to that found in islets incubated in the absence of
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FIGURE 1 (A) Dose-related effect of NH,* (logarithmic scale)
upon insulin release evoked by 16.7 mM glucose in isolated
islets. All data, including basal insulin output (O), are ex-
pressed in percent of the control value found within the same
experiment in the presence of glucose. Such a control value
averaged 364+ 13 uUlislet per 90 min. Mean values (+SEM)
refer to 10-53 individual observations. (B) Effect of 5.0 mM
NH,* (O) upon insulin release at various glucose levels; (@),
control data (no NH,*). Mean values (+SEM) refer to 8-10
individual observations.
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FIGURE 2 Effect of NH,* upon insulin release evoked by
glucose in the isolated perfused rat pancreas. All data are
expressed as percent of the mean control value found between
the 20th and 23rd min of perfusion within the same experi-
ment. Such a control value averaged 440+76 uU/pancreas
per min (n = 4).

glucose. During a second 60-min incubation in the
sole presence of 16.7 mM glucose, the islets which
had been first exposed to NH,* secreted insulin at a rate
(171.0+22.9 uUlislet per 60 min) comparable to that
found in the islets first incubated in the absence of both
glucose and NH,* (181.8+15.2 uUlislet per 60 min;
n = 12 in all cases). In perifused islets, NH,* inhibited
both the early and late phases of glucose-induced
insulin release (Fig. 5).

(2) Effect of NH,* upon insulin release evoked by
other secretagogues. Ammonium inhibited in a dose-
related fashion the release of insulin evoked by other
nutrients than glucose, such as glyceraldehyde (Table
I), leucine, and a-ketoisocaproate (data not shown).

The release of insulin provoked, in the isolated per-
fused pancreas, by gliclazide at a low glucose con-
centration (2.8 mM) was also inhibited by NH,*. In
the absence of NH,* and in response to administra-
tion of gliclazide (0.05 mM), the rate of insulin release
increased from a basal value of 2+1 uU/min per pan-
creas to a peak value of 143+19 xU/min and, within 4
min, reached a plateau averaging 15+5 uwU/min (n = 6).
In the presence of 5.0 mM NH,*, the gliclazide-induced
peak value did not exceed 27+6 uwU/min per pancreas
and the later steady-state insulin output amounted to
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TABLE 1
Effect of NH,* upon Glyceraldehyde-Induced
Insulin Release by Isolated Islets

Glyceraldehyde NH,* Insulin output*
mM mM wuUlislet/60 min
— — 21.0+4.5 (51)
— 10.0 10.0+£8.9 (10)
10.0 — 99.5+6.3 (35)
10.0 0.5 70.1+6.2 (36)
10.0 5.0 30.6+4.6 (20)

* Mean values (+SEM) are shown with the number of indi-
vidual determinations (in parentheses).

only 3+2 uU/min (n = 6). Over a 15-min exposure to
gliclazide, the integrated output of insulin averaged
514+87 and 96+24 uU/pancreas in the absence and
presence of NH,*, respectively (P < 0.001).

In the absence of both glucose and Ca?*, the secretory
response to the combination of 2.0 mM Ba?* and 1.4
mM theophylline was reduced (P < 0.001) from a
control value of 175+14 uUlislet per 90 min (n = 9) to
89+11 and 54+ 14 pUlislet per 90 min (n = 12 in both
cases), respectively in the presence of 0.5 and 5.0 mM
NH,".

In contrast with these findings, 1.0-2.0 mM NH,*
apparently failed to affect the capacity of theophylline
or cytochalasin B to enhance glucose-induced insulin
release (Table II). Thus, relative to the appropriate
control values, the fractional increment in insulin out-
put attributable to either theophylline or cytochalasin
B was not reduced by NH,*. Even when glucose-in-
duced insulin release was reduced by NH,* to a value
close to basal, the administration of theophylline still
provoked a progressive and rapidly reversible escape
from the inhibitory action of NH,* (Fig. 3).

(3) Effect of NH,* upon glucose-stimulated proin-
sulin biosynthesis. In the absence of NH,* but
presence of 16.7 mM glucose, the incorporation of
radioactive leucine in TCA-precipitable material
averaged 154+12 fmol/islet over a 90-min incubation
in the presence of 0.84 uM [*Hlleucine. About
26.5+1.1% of these labeled peptides represented im-
munoreactive material (Table III). As judged by the
latter ratio, which is representative of the preferential
stimulant action of glucose upon the synthesis of pro-
insulin as distinct from other islet peptides (26), 0.5
and 5.0 mM NH,* failed to affect glucose-stimulated
proinsulin biosynthesis. The mean absolute amount of
[H]leucine incorporated in both TCA-precipitable
and immunoreactive material was slightly increased in
the presence of 0.5 mM NH,*.

The failure of NH,* to affect the biosynthetic activity
of the islets was confirmed by use of a lower glucose
concentration (8.3 mM), in which case the ratio of im-



TABLE 11
Effect of Glucose, Theophylline, Cytochalasin B, and NH,* upon Insulin Release by Isolated Islets

Theophylline- or cytochalasin-induced

Glucose Theophylline Cytochalasin B NH* Insulin output* increment
mM nUlislet/90 min % of control

16.7 — — —  454+34 (10)

o o ~ T e (10)] +326+36 +71.827.9
ig'z ” — }'g gg:fgg 88; } +390+42 +191.2+20.4
o ~ o2 T oisens o | voieas +52.6+10.6
16.7 — — 20  151=16 (10)

16.7 — 0.02 20 29436 (10) ] +143=39 +94.7£25.9

* Mean values (:SEM) are shown with the number of individual determinations (in parentheses).
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FIGURE 3 Effect of 1.4 mM theophylline upon insulin output by isolated perfused pancreases

exposed to 16.7 mM glucose (upper curve)

or to the combination of 16.7 mM glucose and 2.5

mM NH,* (middle curve). In the lower curve, the pancreases were also exposed to both glu-

cose and NH,*, but no theophylline was

administered. In the present system, theophylline

fails to affect insulin release in the absence of glucose (35).
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TABLE III

Effect of NH* upon the Incorporation of [*H lLeucine in
TCA-Precipitable Islet Peptides ([*H]TCA) and
the Ratio of Immunoreactive ([*H1IRI)

to TCA-Precipitable Peptides

Glucose NH,* [*H]TCA [*HJIRV/[*H]TCA
mM cpmlislet* %

8.3 —_ 5,844+469 (10) 26.6+1.7 (10)
8.3 0.5 5,469+587 (10) 26.3+2.2 (10)
8.3 5.0 5,571+204 (10) 24.7+1.4 (10)
16.7 — 7,325+581 (14) 26.6+1.1 (14)
16.7 0.5 8,993+740 (14) 28.9+1.0 (14)
16.7 5.0 8,188+437 (14) 27.9+0.9 (14)

* Mean values (+SEM) are shown with the number of indi-
vidual determinations (in parentheses).

munoreactive to TCA-precipitable tritiated material,
although not different from that seen at 16.7 mM
glucose, would inevitably fall if the stimulant action of
glucose upon proinsulin biosynthesis were to be im-
paired by NH,* (26).

(4) Uptake of NH,* by isolated islets. The amount
of NH,* present in the islets after a 20-min incubation
in the presence of 16.7 mM glucose increased from a
negligible value (0.3+6.9 pmol/islet) in islets not ex-
posed to NH,* to 20.8+8.5, 58.3+7.4, and 115.8+7.9
pmol/islet (n = 8 in each case) as the concentration of
NH,* in the incubation medium was raised to 0.1, 0.5,
and 2.5 mM, respectively. These values are much
higher than those expected from the simple diffusion of
NH,* in the intracellular water space, and also much
higher than those attributable to extracellular contam-
ination. Indeed, the intracellular H,O content of the
islets averages 2-3 nl/islet (Table VI) and, under the
present experimental conditions, the contaminating
extracellular space also represents 2—-3 nl/islet (24). It
would thus appear that the islets are able to concentrate
NH,* intracellularly, with an apparent K,, of 0.7-0.8
mM and a maximal value of 150-160 pmol/islet for the
net uptake of NH,* as a function of its extracellular
concentration.

(5) Effect of NH,* upon glucose metabolism. Ata
16.7-mM glucose concentration, NH,* failed to affect
significantly the utilization and oxidation of the sugar
by the islets. The conversion of [5-*Hlglucose to 3H,O
averaged 200+31 (n = 25), 195+40 (n = 25), and 239
+47 (n = 15) pmol/islet per 120 min in the absence of
NH,* and in the presence of 0.5 and 5.0 mM NH,*,
respectively. The oxidation of [U-*C]glucose averaged
42.6+3.6 (n = 30), 56.5+8.2 (n =23), 48.0+t34 (n
= 30), and 45.1+2.4 (n = 7) pmol/islet per 120 min in
the absence of NH,* and in the presence of 0.5, 2.0,
and 5.0 mM NH,*, respectively.
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(6) Effect of NH,* upon the concentration of ade-
nine nucleotides. The concentration of ATP, ADP,
and AMP was measured in groups of eight islets each
after a 30-min incubation in the presence or absence
of 16.7 mM glucose and 5.0 mM NH,*. In the absence
of NH,*, the total concentration of adenine nucleo-
tides was not significantly affected by glucose (0-16.7
mM), and averaged 13.1+0.6 pmolislet (n = 16).
Whether in the absence or presence of glucose, NH,*
failed to affect the total concentration of adenine nu-
cleotides, the mean value recorded in islets exposed
to NH,* amounting to 12.6+0.6 pmol/islet (n = 16).

Relative to the total amount of adenine nucleotides,
16.7 mM glucose increased the concentration of ATP
from 51.2+3.1 to 73.1+4.1%, whereas reducing the con-
centration of ADP from 27.1+2.3 to 14.9+2.5% and
that of AMP from 21.4+1.3t0 12.0+1.8% (n = 8 in each
case). In the absence of NH,* the ATP/ADP ratio and
the adenylate charge (i.e. [ATP + 1/2 ADPJ/[ATP
+ ADP + AMP] ratio) were both increased by glucose
from a basal value of 2.07+0.36 to 6.18+1.22 (ATP/ADP)
and 0.649+0.021 to 0.805+0.028 (adenylate charge).
Ammonium failed to exert any significant effect upon
the relative concentration of each adenine nucleotide
(data not shown). In the islets exposed to 5.0 mM NH,*,
the ATP/ADP ratio averaged 2.05+0.31 and 6.53+0.85
and the adenylate charge 0.635+0.027 and 0.806+0.018
in the absence and presence of glucose, respectively
(n = 8 in each case).

(7) Effect of NH,* upon the concentration of re-
duced pyridine nucleotides. The total concentration of
reduced pyridine nucleotides (NADH + NADPH) was
measured by the luciferase method in groups of eight
islets incubated for 30 min in the presence or absence
of 16.7 mM glucose and 0.5 and 5.0 mM NH,*. Glu-
cose significantly increased (P < 0.001) the concentra-
tion of reduced pyridine nucleotides from a basal value
of 112+12 to 179+12 fmol/islet (n = 20 in each case).
Ammonium invariably lowered the concentration of
reduced pyridine nucleotides, whether in the absence

TABLE IV
Effect of Glucose and NH,* upon the Total Concentration of
Reduced Pyridine Nucleotides in Isolated Islets

Glucose NH,* NADH + NADPH
mM mM Sfmollislet*
— — 112.4+11.5 (20)
— 0.5 79.2+8.0 (10)
—_ 5.0 73.6+9.2 (10)
16.7 — 179.3+12.0 (20)
16.7 0.5 140.6+17.6 (10)
16.7 5.0 111.9+10.6 (10)

* Mean values (+SEM) are shown with the number of indi-
vidual determinations (in parentheses).



TABLE V
Effect of Glucose and NH* upon the Concentration of Pyridine Nucleotides in Isolated Islets
Preincubated for 30 min in a Glucose-Free Medium and, thereafter, Either Maintained
in such a Medium (First column) or Exposed for 3 min to Glucose in the
Absence (Second column) or Presence (Third column) of NH*

Glucose, mM — 16.7 16.7
NH,*, mM —_ — 5.0
NADH, fmoll/islet* 66+12 116+18 75+6
NAD*, fmollislet 590+17 766+61 605+62
NADH + NAD*, fmollislet 65629 882+79 680+68
NADH/NAD?*, ratio 0.111+0.019 0.152+0.021 0.126+0.008
NADPH, fmoll/islet 72+11 101+10 90x11
NADP+, fmollislet 53+2 50+3 52+6
NADPH + NADP*, fmollislet 125+11 151+13 142+17
NADPH/NADP*, ratio 1.357+0.217 2.004+0.147 1.807+0.217
NADH + NADPH, fmoll/islet 138+23 218+22 166+14

* Mean values (+SEM) invariably refer to six individual determinations.

or presence of glucose (Table IV). As little as 0.5 mM
NH,* was sufficient to reduce the level of (NADH
+ NADPH) to 74.4+6.0% of its appropriate mean con-
trol value.

We have explored whether the NH,*-induced de-
crease in the concentration of reduced pyridine nucleo-
tides occurred promptly enough to account for a rapid
inhibition of glucose-induced insulin release. For this
purpose, groups of 12 islets each were preincubated
for 30 min in the absence of glucose and, thereafter,
exposed for 3 min to either glucose alone (16.7 mM)
or the combination of glucose and NH,* (5.0 mM). The
concentration of pyridine nucleotides was measured by
the enzymatic cycling technique (2). As indicated in
Table V, within 3 min of incubation, glucose signifi-
cantly increased the concentration of NADH (P < 0.05)
and NAD* (P < 0.02), the NADPH/NADP* ratio (P
< 0.05), and the total amount of both diphosphopyri-
dine nucleotides (P < 0.025) and reduced pyridine nu-
cleotides (P < 0.05). In the presence of NH,*, glucose
failed to exert such effects, the results obtained in the
concomitant presence of glucose and NH,* being not
significantly different from the basal values found in
the islets maintained in a glucose-free medium.

In the absence of glucose, and after a 3-min exposure
to 5.0 mM NH,*, there was not yet any major change
in the concentration of pyridine nucleotides (data not
shown). A trend toward a more oxidized state was
nevertheless noticed, the NADH/NAD* and NADPH/
NADP* ratios averaging, in the presence of NH,*, re-
spectively 88.7+10.2 and 89.1+10.5% (n = 12 in each
case) of their appropriate mean control values, i.e.,
0.102+0.026 for NADH/NAD* and 1.337+0.110 for
NADPH/NADP* (n = 12).

(8) Effect of NH,* upon the intracellular H,0 space
and pH. In the presence of 5.0 mM NH,* or at low
extracellular pH (6.3), the intracellular H,O space (as
judged from the difference between the [**Clurea and
[*H]sucrose spaces of distribution) was not significantly
different from the control value found at a normal pH
in the absence of NH,*. Pooling all measurements, the
intracellular H,O space averaged 2.56+0.13 nl/islet (n
= 61). The presence of NH,* also failed to affect the
difference between the [“C]DMO and [*H]sucrose
spaces of distribution, and the calculated intracellular
pH (Table VI). In contrast, exposure of the islets to an
acidic extracellular medium resulted in a significant fall
(P < 0.05) of the intracellular pH.

TABLE VI
Effect of NH,* and Extracellular Acidosis upon the Intracellular pH of
Isolated Islets Exposed to 16.7 mM Glucose

Extracellular Intracellular
Nl"[.+ pH DMO space Urea space pH
mM nllislet* nllislet*
— 7.35-7.40 1.88+0.20 (16) 2.33+0.24 (23) 7.18+0.09 (16)
5.0 7.35-7.40 2.04+0.33 (15) 2.95+0.20 (23) 7.20+0.11 (15)
— 6.25-6.28 6.17+0.94 (7) 2.31+0.17 (15) 6.81+0.14 (7)

* The DMO and urea spaces are corrected for extracellular contamination. Mean values (£t SEM)
are shown with the number of individual determinations (in parentheses).
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(9) Effect of NH,* upon %Rb* handling. In the ab-
sence of glucose, 2.0 mM NH,* increased (P < 0.005)
the fractional outflow rate of *Rb* from a control value
of 5.40+0.17 (n = 28) to 7.48+0.61%/min (n = 2). The
ability of glucose to provoke:a rapid and reversible
fall in #Rb* efflux was still detectable in the presence
of 20 mM NH,* (Fig. 4). At a higher concentration
of NH,* (5.0 mM), the basal value for #Rb* fractional
outflow was again increased (7.29+0.45%/min; n = 2),
and the effect of glucose upon #Rb* efflux was abol-
ished. Consistent with these findings, NH,* caused a
dose-related decrease in the glucose-stimulated net up-
take of ®*Rb*. Thus when expressed as K* with the
same specific activity (2Rb*/3*K*) as that of the incu-
bation medium (24), the net uptake of 8Rb* averaged
359+34, 309+49, 297+45, and 226+38 pmol/islet (n
=16 in each case) in the sole presence of 16.7 mM
glucose and in the concomitant presence of glucose
and NH,*, 0.5, 2.0, and 5.0 mM, respectively. The value
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FIGURE 4 Effect of glucose upon #Rb* efflux in the absence
(upper curve) or presence of NH,* (2.0 mM: middle curve;
5.0 mM: lower curve). The efflux of %Rb* is expressed in
percent of the mean control value found, within the same
experiment, between the 16th and 20th min of perifusion. Glu-
cose was added (G,4.7 mm) Or removed (G,) at the time shown
by the vertical dotted lines. Mean values (xSEM) refgr to
two to four individual experiments.
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found at the highest concentration of NH,* represented
63.0+10.6% of the mean control value and was close
to that normally seen in the absence of glucose. Indeed,
in the present series of experiments, the basal net up-
take of ®Rb* averaged 65.8+3.9% (n = 34) of the glu-
cose-stimulated reference value. In the presence of
16.7 mM glucose, the NH,*-induced decrease in the
K* pool was approximately matched by the amount
of NH,* accumulated in the islet cells.

(10) Effect of NH,* upon *Ba** net uptake. In the
presence of millimolar concentration of Ba?* and in
the absence of Ca?*, glucose is known to stimulate
133Ba%* net uptake which, however, is unaffected by
theophylline (27). In media deprived of both Ca?* and
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FIGURE 5 Effect of 16.7 mM glucose (introduced at the time
shown by the vertical dotted line) upon **Ca efflux (A) and
insulin output (B) from isolated islets perifused in the absence
(dotted line) or presence (solid line) of 5.0 mM NH,*. The ef-
flux of *Ca is expressed in percent of the mean control value
found, within the same experiment, between the 40th and
44th min of perifusion. The experiments were performed at
a normal calcium concentration (1.0 mM). Mean values
(=SEM) refer to three to four individual experiments.
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glucose but containing 1.4 mM theophylline, 5.0 mM
NH,* decreased the net uptake of radioactive 2.0 mM
Ba?* from a control value of 43.1+3.6 to 28.5+1.9 peq/
islet per 90 min (P < 0.005; n = 10 in both cases).
(11) Effect of NH,* upon **Ca** handling. 5.0 mM
NH,* suppressed the ability of glucose to provoke both
an initial fall and a secondary rise in the efflux of **Ca
from islets perifused at a normal Ca?* concentration
(Fig. 5). At a lower concentration of NH,* (1.0 mM),
the early inhibitory effect of glucose upon **Ca efflux
was still discernible, but the secondary rise appeared
both blunted and retarded, reaching a peak value of
116.0+6.9%:at the 57th min (see Fig. 5 for comparison
with control data). When the perifusate contained no
Ca?*, to prevent the release of ¥*Ca?* usually associated
with the exocytosis of secretory granules (25), the addi-
tion of NH,* provoked an immediate increase in **Ca?*
efflux, suggesting a facilitation of *3Ca?* outflow from
the islet cells (Fig. 6). The latter phenomenon was

seen both in the absence and presence of glucose. In
the latter case, the increase in Ca?* efflux occurred
in a much more brisk manner as that seen when glu-
cose itself is removed from the perifusate (Fig. 6, right
panel in reference 25).

In the 0.5-5.0-mM range, NH,* caused a dose-
related inhibition (P < 0.01 or less) of glucose-stimu-
lated %°Ca?* net uptake (Fig. 7A). In the presence of
NH,*, the relationship between insulin release and
45Ca?* net uptake displayed a pattern (Fig. 7B) com-
parable to that usually seen in the present system (1,
28-30). Such a relationship is characterized by the fact
that insulin release increases above its basal value
whenever the net uptake of 4°Ca?* exceeds a critical
threshold level representing approximately half of the
reference value normally found at high glucose con-
centration (16.7 mM).
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FIGURE 7 (A) Effect of NH,* upon glucose-stimulated (open
columns) calcium net uptake after a 90-min incubation. The
basal uptake (no glucose present) is shown in the shaded
column. Mean values (+SEM) refer to 12+2 individual ob-
servations. (B) Relationship between **Ca net uptake and in-
sulin output in isolated islets incubated in the absence of
glucose (O) or presence of 16.7 mM glucose and increasing
concentrations of NH,* (®). Mean values (Fig. 1A and Fig.
7A) are expressed in percent of the reference value found
in the presence of glucose but absence of NH,*.
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DISCUSSION

The present findings confirm that NH,* is a potent
inhibitor of insulin release. Previous reports have in-
dicated that 0.1-1.0 mM NH,* inhibits glucose-stim-
ulated insulin release both in vitro using pieces of pan-
creas removed from the golden hamster (11) and in vivo
in rats (13) and men (12) infused with NH,*. A role
for NH,* in the abnormality of islet function seen in
cirrhotic patients (12, 31) was also documented.

The aim of the present study was to elucidate the
mode of action of NH,* upon insulin release, with em-
phasis on the possible role of NAD(P)H in such a
process.

The inhibitory effect of NH,* upon glucose-induced
insulin release cannot be ascribed to any major anomaly
in the rate of glycolysis or glucose oxidation in the
islets (Results, section 5). The concentration of adenine
nucleotides was unaffected by NH,* (Results, section
6). There was no obvious alteration of the intracel-
lular pH in the islets exposed to NH,* (Table VI). The
stimulant action of glucose upon proinsulin biosynthe-
sis was also unaffected by NH,* (Table III). The NH,*
ion did not suppress the capacity of theophylline to
augment glucose-induced insulin release (Table II,
Fig. 3), an effect currently attributed to an intracellular
translocation of Ca?* from the vacuolar pool into the
cytosolic compartment (30). Last, our data suggest that
NH,* fails to alter the responsiveness of the effector
system which controls the translocation and extrusion
of secretory granules, and which is thought to be ac-
tivated by intracellularly accumulated Ca?*. Indeed,
on one hand, NH,* failed to affect the ability of cy-
tochalasin B to augment glucose-stimulated insulin re-
lease (Table II). The latter effect if currently ascribed
to the interference of cytochalasin B with the micro-
filamentous cell web known to control the final access
of secretory granules to the plasma membrane (15).
On the other hand, and in contrast to what is observed
with poisons of the pancreatic 8-cell microtubular-
microfilamentous system, NH,* did not modify the
normal relationship between “Ca?* net uptake and
insulin release (Fig. 7B).

The sole abnormalities encountered in the islets ex-
posed to NH,* were (a) a dose-related fall in the con-
centration of reduced pyridine nucleotides (Table IV),
(b) a dose-related alteration of *#Rb* (Fig. 4) and *5Ca?*
(Fig. 7) handling, and (c) the already mentioned dose-
related inhibition of insulin release (Fig. 1, Table I).
We propose that these three abnormalities are sequen-
tially linked with one another.

A primary effect of NH,* upon the concentration of
reduced pyridine nucleotides is consistent with the
effect of NH,* in other tissues. For instance, in liver
cells, NH,* lowers the concentration of both NADH
and NADPH, which act as reducing equivalents in the
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reductive amination of a-ketoglutarate (8—-10). A simi-
lar effect of NH,* in islet cells is compatible with the
finding that the dose-related effect of NH,* upon the
concentration of reduced pyridine nucleotides (Table
IV) coincided with a dose-related increase in the net
uptake of NH,* by the islets (Results, section 4). The
effect of glucose to increase the concentration of re-
duced pyridine nucleotides is sufficiently rapid to ac-
count for the early phase of glucose-induced insulin
release (32). NH,* prevents the effect of glucose to
rapidly increase the concentration of NADH and
NADPH (Table V), and suppresses the early secretory
response to this sugar (Fig. 5). Our data, however, do
not permit us to decide which parameter of the pyr-
idine nucleotides profile is most relevant to the secre-
tory function of the islets.

The altered handling of both K* (as judged from the
8Rb* data; [24]) and Ca?* (Figs. 5-7) in the islets ex-
posed to'NH,* could well be the consequence of the
NH,*-induced change in the concentration of reduced
pyridine nucleotides. As far as K* is concerned, the
NH,*-induced decrease in %Rb* net uptake could be
due not solely to the observed increase in #Rb* frac-
tional outflow rate and to the dose-related inhibition
of the glucose effect upon %Rb* outflow, but possibly
also to a reduced rate of *Rb* (and 3°K*) inflow, since
NH,*, Rb*, and K* may compete for the (Na* + K*)-
activated ATPase (33). In the case of Ca?*, the existence
of a tight link between the altered handling of *Ca?*
and the change in NAD(P)H concentration is supported
by the highly significant correlation (r = 0.9989, n
=4, P < 0.002) observed between the mean concen-
tration of reduced pyridine nucleotides (Table IV) and
the mean corresponding value for ¥*Ca?* net uptake
(Fig. 7A). The 34.5% decrease in the concentration of
NAD(P)H, as evoked by 5.0 mM NH,* in the absence
of glucose (Table IV), also coincided with a 33.8% re-
duction in the net uptake of 33Ba?* by the islets ex-
posed to NH,* in a glucose-free medium (Results, sec-
tion 10). As outlined in greater detail elsewhere (34),
the concentration of NAD(P)H could affect the affinity
for cations of native ionophoretic systems located in
B-cell membranes. Incidentally, NH,* itself fails to
directly affect A23817-mediated Ca?* ionophoresis in
an artificial system.?

In view of the key role ascribed to divalent cations
in the process of insulin secretion (see reference 34
for review), it is reasonable to assume that, in the pres-
ence of NH,*, the inhibition of insulin release is mainly
due to the altered cationic response of the islets to
different secretagogues.

In conclusion, the present data are compatible with
the view that the NH,*-induced change in the concen-

2 Unpublished observation.



tration of reduced pyridine nucleotides is mainly re-
sponsible for the concomitant abnormality in both cat-
ionic and secretory events. Along this line of thought,
it is remarkable that, even under conditions in which
the islet cells derived most or all of their energy from
endogenous nutrients, NH,* was still able to markedly
lower the concentration of NAD(P)H (Table IV), to
alter the handling of *Rb* (Fig. 4), 45Ca?** (Fig. 6A)
and !33Ba?* (Results, section 10), and to impair the se-
cretory response to secretagogues such as sulfonylurea
and Ba?* (Results, section 2). Thus, the postulated in-
fluence of reduced pyridine nucleotides upon the han-
dling of cations by native ionophoretic systems may
be operative over a wide range of NAD(P)H concen-
trations.

ACKNOWLEDGMENTS

The authors are indebted to G. De Pauw, S. Procureur, C.
Remion, J. Schoonheydt, G. Schoonjans, and M. Urbain for
technical assistance, and to A. Vanhaelewijck for secretarial
help.

This work was supported in part by grants 3.0067.74,
3.4527.75, and 3.4537.76 from the Belgian Foundation for Sci-
entific Medical Research, and a contract of the Belgian Minis-
tery of Scientific Policy within the framework of the associa-
tion Euratom-Universities of Brussels and Pisa.

REFERENCES

1. Malaisse, W. J., A. Sener, A. C. Boschero, S. Kawazu, G.
Devis, and G. Somers. 1978. The stimulus-secretion cou-
pling of glucose-induced insulin release. XXX. Cationic
and secretory effects of menadione in the endocrine pan-
creas. Eur. J. Biochem. 87: 111-120.

2. Malaisse, W. J., ]J. C. Hutton, S. Kawazu, and A. Sener.
1978. The stimulus-secretion coupling of glucose-in-
duced insulin release. XXXI. Metabolic effects of mena-
dione in isolated islets. Eur. J. Biochem. 87: 121-130.

3. Hellman, B., L-A. Idahl, A. Lernmark, J. Sehlin, and I-B.
Taljedal. 1974. Membrane sulphydryl groups and the pan-
creatic beta cell recognition of insulin secretagogues. In
Diabetes. W. J. Malaisse and J. Pirart, editors. Excerpta
Medica, Amsterdam. 65-78.

4. Dean, P. M., E. K. Matthews, and Y. Sakamoto. 1975.
Pancreatic islet cells: effects of monosaccharides, glyco-
lytic intermediates and metabolic inhibitors on mem-
brane potential and electrical activity. J. Physiol. (Lond.).
246: 459-478.

5. Malaisse, W.]. 1976. The possible link between glycolysis
and insulin release in isolated islets. In Diabetes Re-
search Today. A. Renold, W. Creutzfeldt, and E. F. Pfeif-
fer, editors. Schattauer-Verlag, Friedrich-Karl, Stuttgart.
191-206.

6. Watkins, D., S.J. Cooperstein, P. K. Dixit, and A. Lazarow.
1968. Insulin secretion from toadfish islet tissues stimu-
lated by pyridine nucleotides. Science (Wash. D. C.). 162:
283-284.

7. Devis, G., J. C. Hutton, A. Sener, A. Herchuelz, G.
Somers, and W. J. Malaisse. 1977. Ammonium accumula-
tion and its inhibitory effect in pancreatic islets. Diabeto-
logia. 13: 389. (Abstr.)

8. Chamalavn, R. A. F. M., and J. M. Tager. 1970. Nitrogen
metabolism in the perfused rat liver. Biochim. Biophys.
Acta. 222: 119-134.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Sies, H., D. Haussinger, and M. Grosskopf. 1974. Mito-

chondrial nicotinamide nucleotide systems: ammonium
chloride responses and associated metabolic transitions
in hemoglobin-free perfused rat liver. Hoppe-Seyler’s Z.
Physiol. Chem. 355: 305-318.

Tischler, M. E., P. Hecht, and J. R. Williamson. 1977.
Effect of ammonia on mitochondrial and cytosolic NADH
and NADPH systems in isolated rat liver cells. FEBS
(Fed. Eur. Biochem. Soc.) Lett. 76: 99-104.

Feldman, J. M., and H. E. Lebovitz. 1971. Ammonium
ion, a modulator of insulin secretion. Am. J. Physiol. 221:
1027-1032.

Schlienger, J-L., M. Imler, and ]J. Stahl. 1974. Diminu-
tion de la tolérance glucosée et de I'insulino-sécrétion
aprés perfusion de sels d’'ammonium chez I’homme nor-
mal et chez des malades atteints de stéatose hépatique
ou de cirrhose. Biol. Gastro-Enterol. 7: 101-110.
Schlienger, J-L., M. Imler, and J. Stahl. 1975. Diabeto-
genic effect and inhibition of insulin secretion induced
in normal rats by ammonium infusions. Diabetologia. 11:
439-443.

Malaisse, W. J., G. R. Brisson, and F. Malaisse-Lagae.
1970. The stimulus-secretion coupling of glucose-in-
duced insulin release. I. Interaction of epinephrine and
alcaline earth cations. J. Lab. Clin. Med. 76: 895-902.
Van Obberghen, E., G. Somers, G. Devis, G. D. Vaughan,
F. Malaisse-Lagae, L. Orci, and W. J. Malaisse. 1973. Dy-
namics of insulin release and microtubular-microfilamen-
tous system. I. Effect of cytochalasin B. J. Clin. Invest.
52: 1041-1051.

Leclercqg-Meyer, V., J. Marchand, R. Leclercq, and W. J.
Malaisse. 1976. Glucagon and insulin release by the in
vitro perfused rat pancreas. Diabete Metab. 2: 57-65.
Malaisse, W. J., F. Malaisse-Lagae, M. O. Walker, and
P. E. Lacy. 1971. The stimulus-secretion coupling of glu-
cose-induced insulin release. V. The participation of a
microtubular-microfilamentous system. Diabetes. 20:
257-265.

Kun, E,, and E. B. Kearney. 1974. Ammonia. In Methods
of Enzymatic Analysis. H. U. Bergmeyer, editor. Aca-
demic Press, Inc., New York. 2nd edition. 4: 1802-1806.
Malaisse, W. J., A. Sener, and M. Mahy. 1974. The stim-
ulus-secretion coupling of glucose-induced insulin re-
lease. XVIII. Sorbitol metabolism in isolated islets. Eur.
J. Biochem. 47: 365-370.

Levy, J., A. Herchuelz, A. Sener, F. Malaisse-Lagae, and
W. ]J. Malaisse. 1976. Cytochalasin B-induced impairment
of glucose metabolism in islets of Langerhans. Endo-
crinology. 98: 429-437.

Waddel, W. J., and T. C. Butler. 1959. Calculation of in-
tracellular pH from the distribution of 5,5-dimethyl-
oxazolidine-2,4-dione (DMO). Application to skeletal
muscle of the dog. J. Clin. Invest. 38: 720-729.
Hellman, B., S. Janove, and 1.-B. Tiljedal. 1972. The in-
tracellular pH of mammalian pancreatic 8-cells. Endo-
crinology. 90: 335-337.

Boschero, A. C., S. Kawazu, G. Duncan, and W. ]J.
Malaisse. 1977. Effect of glucose on K* handling by pan-
creatic islets. FEBS (Fed. Eur. Biochem. Soc.) Lett. 83:
151-154.

. Malaisse, W. ], A. C. Boschero, S. Kawazu, and J. C. Hut-

ton. 1978. The stimulus-secretion coupling of glucose-
induced insulin release. XXVII. Effect of glucose on K*
fluxes in isolated islets. Pluegers Arch. Eur. J. Physiol.
373: 237-242.

. Malaisse, W. J., G. R. Brisson, and L. E. Baird. 1973. The

stimulus-secretion coupling of glucose-induced insulin

NH,* and Islet Function 877



27.

29.

878

release. X. Effect of glucose on *Scalcium efflux from peri-
fused islets. Am. J. Physiol. 224: 389-394.

. Pipeleers, D. G., M. Marichal, and W. J. Malaisse. 1973.

The stimulus-secretion coupling of glucose-induced in-
sulin release. XIV. Glucose regulation of insular biosyn-
thetic activity. Endocrinology. 93: 1001-1011.

Somers, G., G. Devis, E. Van Obberghen, and W. J.
Malaisse. 1976. Calcium-antagonists and islet function.
VI. Effect of barium. Pfluegers Arch. Eur. ]J. Physiol.
365: 21-28.

. Malaisse-Lagae, F., and W. J. Malaisse. 1971. The stim-

ulus-secretion coupling of glucose-induced insulin re-
lease. Uptake of “Scalcium by isolated islets of Langer-
hans. Endocrinology. 88: 72-80.

Malaisse-Lagae, F., G. R. Brisson, and W. J. Malaisse.
1971. The stimulus-secretion coupling of glucose-in-
duced insulin release. VI. Analogy between the insulino-
tropic mechanisms of sugar and amino acids. Horm. Me-
tab. Res. 3: 374-378.

Brisson, G. R., F. Malaisse-Lagae, and W. J. Malaisse.
1972. The stimulus-secretion coupling of glucose-in-

Sener et al.

31.

32.

35.

duced insulin release. VII. A proposed site of action for
adenosine-3',5'-cyclic monophosphate.J. Clin. Invest. 51:
232-241.

Sherwin, R., P. Joshi, R. Hendler, P. Felig, and H. O.
Conn. 1974. Hyperglucagonemia in Laennec’s cirrhosis.
N. Engl. J. Med. 290: 239-242.

Malaisse, W. J. 1977. Calcium ion fluxes and insulin re-
lease in pancreatic islets. Biochem. Soc. Trans. 5: 872-875.

. Skou, J. C. 1965. Enzymatic basis for active transport of

Na* and K* across cell membrane. Physiol. Rev. 45: 596
617.

. Malaisse, W. J., A. Herchuelz, G. Devis, G. Somers, A. C.

Boschero, J. C. Hutton, S. Kawazu, A. Sener, 1. J. Atwater,
C. Duncan, B. Ribalet, and E. Rojas. 1978. Regulation of
calcium fluxes and their regulatory roles in pancreatic
islets. Ann. N. Y. Acad. Sci. 307: 562-581.

Somers, G., G. Devis, E. Van Obberghen, and W. ]J.
Malaisse. 1976. Calcium antagonists and islet function.

II. Interaction of theophylline and verapamil. Endo-
crinology. 99: 114-124.



