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ABSTRACT An in vitro system for perifusion of rat
pancreas has been used to investigate the effects of
diazoxide on glucose-induced insulin release. Adminis-
tration of diazoxide with a stimulating concentration of
glucose produced a dose-dependent suppression of in-
sulin release. This effect was partly reversed by phen-
tolamine. In the presence of nonstimulatory- concentra-
tions of glucose, diazoxide plus phentolamine, but neither
alone, stimulated a biphasic release of insulin similar
to that observed with 1-isopropyl norepinephrine. A
prior period of perifusion with a low concentration of
diazoxide enhanced the primary component of subse-
quent glucose-stimulated insulin release, an effect in-
hibited by addition of either phentolamine or propranolol
to the diazoxide during this “prestimulation” period.
These effects are similar to those observed with epi-
nephrine. By contrast with epinephrine however, in-
creasing the concentration of diazoxide during the
period before glucose stimulation enhanced both the pri-
mary and secondary components of subsequent glucose-
induced insulin release. These data suggest that at least
some of the direct effects of diazoxide on the pancreas
are mediated through - and B-adrenergic receptor
mechanisms.

INTRODUCTION

Diazoxide, an antihypertensive benzothiadiazine (1),
produces hyperglycemia in vivo (2-9) and is presently
used in the management of intractable hypoglycemia in
man (5). It would appear that this hyperglycemic ac-
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tion is exerted through both pancreatic (6-9) and extra-
pancreatic effects (10, 11). The extrapancreatic effects
have been attributed to diazoxide-induced increase in
circulating catecholamines (12-14). This conclusion is
supported by the reported inhibition of diazoxide hyper-
glycemia by prior adrenalectomy and by the administra-
tion of adrenergic receptor-blocking agents (11, 15-17),
although other extrapancreatic effects not mediated via
the catecholamine response may exist (18).

Increases in circulating catecholamines could thus
contribute to the observed reduction of insulin levels
in vivo (19) during diazoxide administration. However,
such reduction has been observed in man in the ab-
sence of increased circulating catecholamines (18). Fur-
thermore, in vitro evidence indicates that diazoxide also
exerts a direct inhibitory effect on insulin release (20,
21). The present study was undertaken in order to de-
fine the relationship between the action of diazoxide on
insulin release and the activity of adrenergic a- and B-re-
ceptor mechanisms of B-cells, utilizing a dynamic sys-
tem for insulin release in which the interactions of
catecholamines and adrenergic-blocking agents have
been defined previously (22).

METHODS

The apparatus and procedures have been detailed elsewhere
(22-25). In brief, pancreases were removed under ether
anesthesia from male Wistar rats weighing 175-200 g and
fasted overnight. Pancreas segments of 100 mg each were
weighed and cut under buffer into pieces approximately 1
mm in diameter, then placed into a perifusion chamber.
The fragments then were continuously perifused (suprafused)
with Krebs’ Ringer bicarbonate buffer, containing bovine
serum albumin 0.5 g/100 ml and trasylol 500 IU/ml. The
buffer pH was maintained at 7.4 by continuous gassing with
CO: 5%, Oz 95%. The temperature of buffers and chambers
was kept at 37.4°C by means of a thermostat-controlled wa-
ter jacket system. In all experiments, a prestimulation pe-
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TaBLE I
The Effect of Diazoxide and of Phentolamine on Glucose-Stimulated Biphasic Insulin Release

Stimulation
IRI release
Experi- Glu- Diaz- Phentol-
ment cose oxide amine n Primary P* Secondary P*
mg/100 ml ng/mil ne/ml ng, mean SEM

a. 300 — — 10 3.8 0.2 172 %9
b. 300 1 — 6 2.7 £04 0.02 (a) 172 £16 NS (a)
c. 300 10 — 6 3.2 0.2 0.05 (a) 98 +9 0.01 (a)
d. 300 45 — 8 2.7 £0.2 0.05 (a) 37 x2 0.01 (a)
e. 300 45 20 6 74 £0.4 0.01 (a, d) 130 =7 0.01 (a, d)
f. 300 — 20 6 3.9 +0.1 NS (a) 156 £15 NS (a)
g. 50 — — 6 2.4 +0.2 38 +2
h. 50 — 20 4 1.8 0.3 NS (g) 35 +6 NS (g)
i. 50 10 — 4 2.3 +0.3 NS (g) 35 +4 NS (g)
i 50 10 20 9 5.2 £0.6 0.01 (g) 57 +£8 0.01 (g)

In all experiments a 35 min prestimulation period, in which tissue was perifused with buffer containing 50 mg/100 ml glucose,

preceded the 60 min period of stimulation.

* P values represent the significance of differences between test and control conditions. The letter (s) of the control experiment (s)

to which each test is compared appear(s) in parentheses after the P value.

NS = not significant. n = number of separate experiments.

riod of 35 min preceded the test or stimulation period of 60
min. Glucose, 50 mg/100 ml (a nonstimulating concentra-
tion), was added to all prestimulation buffers. In the stimu-
lation buffers, glucose concentration was either 50 or 300
mg/100 ml.

In the first series of experiments, diazoxide was added
to the stimulation buffer with or without phentolamine and
at both glucose concentrations; no drugs were added dur-
ing prestimulation. In the second series of experiments,
diazoxide with or without phentolamine or propranolol was
added to the prestimulation buffer, but not to the stimulation
buffer, again with both glucose concentrations being used
for stimulation. Control experiments in the absence of added
diazoxide were performed for each experimental design.

Samples were collected at 1 min intervals for the latter
5 min of the prestimulation period and the latter 54 min of
the stimulation period, and at 30-sec intervals for the first
6 min of the stimulation period. Immunoreactive insulin con-
tent of the samples was assayed by a modification of the
method of Hales and Randle (26).

RESULTS

As has been described previously for our system (22,
24, 25), constant stimulation with 300 mg/100 ml glu-
cose produces a biphasic insulin release profile. The
amount of insulin released during the primary and sec-
ondary components of the insulin release profiles were
determined by simple addition for the primary response;
all insulin released over this period was collected. The
duration of this response was taken from the onset of
stimulation to the first nadir of the insulin release pro-
file. The secondary response commencing with this nadir,
was calculated from the area subtended by the release
rate: time plot. For series in which no definite biphasic
patterns were observed (control series), the phases were

arbitrarily defined by reference to the appropriate test
response. Diazoxide at a concentration of 1 ug/ml, in-
completely but significantly inhibited the primary but not
the secondary phase of this glucose-induced insulin re-
lease; at a concentration of 10 ug/ml, approximately 509
inhibition of both phases was obtained, and at concentra-
tions of 45 ug/ml, inhibition was practically complete
(Table I). Addition of 20 pg/ml phentolamine with
45 ug/ml diazoxide partly reversed the diazoxide-induced
inhibition of the secondary component of glucose-in-
duced insulin release and enhanced the primary com-
ponent of this response (Table I and Fig. 1).

When either diazoxide, 10 ug/ml, or phentolamine,
20 ng/ml, was added in the presence of a nonstimulatory
concentration of glucose, no stimulation resulted. When
both substances were added together, however, a bi-
phasic insulin release response was observed, a primary
spike being followed by a low-grade secondary phase
(Fig. 2). Both components of this response were sig-
nificantly greater than those observed in the presence
of glucose 50 mg/100 ml, alone or with either diazoxide
10 ug/ml or phentolamine 20 ug/ml (Table I).

Prestimulation with diazoxide, 1 ug/ml, resulted in an
enhanced primary insulin release response to subse-
quent glucose challenge, whereas prestimulation with 10
or 45 ug/ml diazoxide produced enhancement of both pri-
mary and secondary components of the response to glu-
cose (Table IT and Fig. 3). Addition of either phentol-
amine, 20 ug/ml, or propranolol, 20 ug/ml, with the
diazoxide to the prestimulation buffer abolished this
enhancement of the primary component at all three
concentrations of diazoxide. The enhancement of the
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F1Gure 1 The effect of diazoxide (D) and phentolamine (R) plus
diazoxide on glucose (G)-induced insulin release. The shaded areas rep-
resent the response (mean *sgm) to stimulation with glucose alone at
50 mg/100 ml (G50, lower profile) and at 300 mg/100 ml (G300, upper
profile), beginning at zero time (arrow) following a 35 min prestimula-
tion period, the last 5 min of which are shown. The response with the
addition of 45 pg/ml diazoxide (D454 D300, broken line) or with the
further addition of 20 ug/ml phentolamine (R20+ D45+ G300, solid
line) is indicated. Mean *seM are shown. Numbers in parentheses indi-
cate the number of separate experiments.

secondary insulin release component due to diazoxide
prestimulation (at 10 and 45 pg/ml) was abolished by
the further presence of propranolol during prestimula-
tion. By contrast, phentolamine added with the diaz-
oxide during prestimulation caused greater enhancement
of the secondary insulin release phase (Table II and
Fig. 4) than did diazoxide alone. Prestimulation with a
high concentration (5 #g/ml) of epinephrine in contrast
with the effect of low (0.25-0.5 ng/ml) epinephrine
concentrations previously reported (22) did not enhance
either component of glucose-induced insulin release
(primary response 2.18 =*0.14 ng, secondary response
57.8 £6.0 ng).

The separate addition of diazoxide, propranolol, or
phentolamine to the prestimulation buffer was without
effect on subsequent (basal) insulin release in the pres-
ence of 50 mg/100 ml glucose. Similarly, the separate
addition of phentolamine, 20 ug/ml, or propranolol, 20
pg/ml, during prestimulation did not modify the sub-
sequent insulin release response to 300 mg/100 ml glu-
cose (Table IT).

DISCUSSION

It is recognized that diazoxide may exert a direct sup-
pressive effect on glucose-induced insulin release in
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vitro (20). The present studies confirm and extend
these observations. The inhibitory effect of diazoxide
was reversed by adrenergic a-receptor blockade with
phentolamine, which suggests that this inhibitory effect
was mediated through activation of «-adrenergic re-
ceptor activity in the pancreatic B-cell. Further, in the
presence of nonstimulatory concentrations of glucose,
the simultaneous action of diazoxide and phentolamine
produced a biphasic insulin release pattern similar to
that observed with low concentrations of isoproterenol
(22), indicating that diazoxide might stimulate g-adre-
nergic receptor mechanisms. That is, diazoxide appears
to share some of the demonstrated properties of physio-
logical adrenergic compounds in its actions upon insulin
release from the pancreas.

Further similarities between diazoxide and catechola-
mines were demonstrated in the results of prestimulation
experiments. Diazoxide, added during prestimulation
at a concentration smaller than that required for the sup-
pression of glucose-induced insulin release during stimu-
lation, produced a significant enhancement of the pri-
mary component of the biphasic insulin release response
to subsequent glucose challenge. This effect, previously
described for low concentrations of epinephrine (22),
was reduced or abolished by adding either an a- or a
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Ficure 2 Insulin release in the presence of 50 mg/100 ml (G50) glu-
cose plus 10 ug/ml diazoxide (D104 G50, broken line) and to the
further addition of 20 ug/ml phentolamine (R20 4 D10 + G50, solid line).
Data are presented as in Fig. 1.

B-adrenergic receptor-blocking agent together with the diazoxide action may not be unique to the B-cell since
diazoxide. The dependence on the integrity of both it also appears to obtain for mediation of diazoxide-in-
a. and B-receptor mechanisms for the expression of duced renin release in vivo (27).

TasLE II
The Effect of Prestimulation with Diazovide and Adrenergic-Blocking Agents on the Subsequent Basal

and Glucose-Stimulated Biphasic Insulin Release

Stimu-
Prestimulation lation
IRI release
Experi- Glu- Diaz- Phentol- Pro- Glu-
ment cose oxide amine  pranolol cose n Primary P Secondary P
mg/100 ml  ug/ml  ug/ml nue/ml mg/100 ml ng, mean +SEM
a. 50 — — — 50 6 2.4 £0.2 38 +2
b. 50 300 10 3.8 0.2 0.01 (a) 172 +9 0.01 (a)
[ 50 1 — — 300 7 8.6 0.6 0.01 (b) 166 =12 NS (b)
d. 50 10 — — 300 7 9.6 0.9 0.01 (b) 244 +17 0.01 (b)
e. 50 45 — — 300 7 5.7 +0.6 0.01 (b) 205 £15 0.01 (b)
f. 50 — 20 — 300 6 3.9 £0.1 NS (b) 161 +4 NS (b)
g. 50 — — 20 300 6 3.6 0.1 NS (b) 169 +4 NS (b)
h. 50 1 20 — 300 6 4.3 +£0.3 NS (b) 255 +9 0.01 (b)
0.01 (¢) 0.01 (c)
i 50 1 — 20 300 8 5.6 +0.4 0.02 (b) 182 +11 NS (b)
0.01 (c) NS (c)
j. 50 10 20 — 300 6 3.6 £0.3 NS (b) 289 +9 0.01 (b)
0.01 (d) 0.05 (d)
k. 50 10 — 20 300 9 4.4 +0.3 NS (b) 190 £15 NS (b)
: 0.01 (d) 0.05 (d)
1 50 10 — —_ 50 6 2.0 £0.3 NS (a) 26 +3 NS (a)
m. 50 — 20 — 50 6 2.3 +0.3 NS (a) 30 =4 NS (a)
n. 50 — — 20 50 6 2.1 £0.2 NS (a) 29 £3 NS (a)
Data are presented as in Table I.
Diazoxide Effects on Biphasic Insulin Release 1447
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Ficure 3 The effect of prestimulation with diazoxide 1 ug/ml (D1+
G50, solid line) and 10 ug/ml (D10 + G50, broken line) on the subse-
quent insulin response to glucose stimulation. The shaded areas repre-
sent the mean *SEM response to glucose at 50 mg/100 ml (lower profile)

and 300 mg/100 ml (upper profile).

Preperifusion of pancreas fragments with diazoxide
concentrations 10 and 45 times greater than those which
selectively enhanced the primary component of subse-

Data are presented as in Fig. 1.

quent glucose-induced biphasic insulin release resulted
in enhancement of both components of the subsequent
glucose-induced insulin release. At these concentrations,
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Ficure 4 The effect of prestimulation with 10 ug/ml diazoxide in the ab-
sence (D10 + G50, broken line) plus presence of adrenergic-blocking agents,
on subsequent insulin response to glucose 300 mg/100 ml (G300). The in-
fluence of addition of 20 ug/ml phentolamine (R20 + D10 + G50, solid line)
or of 20 ug/ml propranolol (P20 + D10 + G50, dotted line) on the enhance-
ment of response due to diazoxide is shown. Primary response is shown

with an expanded scale in the upper
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box. Data are presented as in Fig. 1.
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diazoxide produced approximately 50 and 100% inhi-
bition of glucose-induced insulin release in our system.
Similar enhancement of the insulin response to glucose
challenge after prior diazoxide treatment has been re-
ported in vivo in a patient with insulinoma (28) and
for in vitro perfused pancreas removed from rats which
had been treated with the agent (21). In both of these
instances glucose challenge had been delayed until many
hours after the last dose of diazoxide, a factor which
may be critical in producing such an effect. It has been
suggested (21) that this phenomenon may result from
increased insulin stores secondary to continued syn-
thesis in the face of reduced release. It is unlikely,
however, that increased insulin stores could be solely
responsible for the enhancement observed in the present
study. Preincubation with diazoxide lasted only 35 min,
which are unfavorable conditions in the presence of only
50 mg/100 ml glucose, for a significant addition to insu-
lin stores through synthesis. Propranolol inhibition of the
diazoxide-induced enhancement of the secondary com-
ponent of subsequent glucose-induced insulin release re-
sembles the effect of propranolol on epinephrine pre-
stimulation (22), and suggests to us that mechanisms
similar to those postulated for epinephrine-induced
enhancement of insulin release (22) may be involved in
this diazoxide action.

The enhancement by diazoxide prestimulation of both
phases of glucose-induced insulin release is an evident
departure from the parallelism of diazoxide and epineph-
rine effects on insulin release. In the present studies,
10 pg/ml diazoxide was required to produce this effect,
i.e. a dose which, when added during stimulation, re-
sulted in 40-509, inhibition of glucose-induced insulin
release in our system, an inhibition comparable with
that previously obtained with 0.5 ug/ml of epinephrine
(22). By contrast, when this “equivalent” concentra-
tion of epinephrine was used during prestimulation, it
induced only a selective enhancement of the primary
component of glucose-induced biphasic insulin release
(22). Further, increase of the concentration of diazoxide
to 45 ug/ml in the prestimulation buffer, confirmed the
enhancement of both phases of the glucose response,
whereas a 10-fold greater prestimulation concentration
of epinephrine than that which selectively enhanced the
primary response to glucose (22) resulted in loss of
any stimulation in our system. Whereas it is not possible
to exclude differences in the tissue clearance of the
effective concentrations of these agents or their metabo-
lites as an explanation for this apparent difference in
their actions, the data raise the possibility that the ap-
parent B-adrenergic receptor-stimulating activity of
diazoxide, although blocked by propranolol, may be
mediated in part through different pathways than the
similar effect of epinephrine. In support of this con-

Diazoxide Effects on Biphasic Insulin Release

tention is that diazoxide enhanced, whereas epinephrine
inhibited potassium-induced insulin release in vitro
(29).

Of interest was the observation that the addition of
phentolamine with diazoxide during prestimulation,
while inhibiting the diazoxide-induced enhancement of
the primary response to glucose, further enhanced the
effect of diazoxide prestimulation on the secondary
component of glucose induced insulin release. This effect
of phentolamine had been suggested, but not confirmed
statistically, in similar experiments utilizing epinephrine
as a prestimulating agent (22).

In conclusion, these data support previous suggestions
of both direct inhibitory and direct stimulatory effects
of diazoxide on insulin release mechanisms. The simi-
larity of these effects to those of epinephrine and nor-
epinephrine (22), particularly in terms of their inter-
actions with a- and B-adrenergic receptor-blocking

"agents, suggests that diazoxide may directly affect - and

B-adrenergic receptor mechanisms in the B-cell. A simi-
lar in vitro effect of diazoxide on adipose tissue has been
reported (13), although a direct epinephrine-like effect
of this agent on hepatic metabolism has not been dem-
onstrated (30).

ACKNOWLEDGMENTS

We wish to thank Dr. D. Porte for his helpful discussion,
Mme. Danielle Duvillard for her technical assistance and
Bayer Pharmaceutical for the supply of Trasylol.

This work was supported in part by grants-in-aid from
the Fonds National Suisse de la Recherche Scientifique,
Berne, Switzerland (No. 3.384.70) and from Hoffmann-
La Roche and Co., Basel, Switzerland.

REFERENCES

1. Rubin, A. A., R. M. Taylor, and F. E. Roth. 1968. A
brief review of the development of diazoxide as an
antihypertensive agent. Ann. N. V. Acad. Sci. 150: 457.

2. Okun, R, R. P. Russell, and W. R. Wilson. 1962.
Enhancement of the hypotensive and hyperglycemic ef-
fects of trichlormethiazide (TCZ) by a nondiuretic
benzothiadiazine, diazoxide. Circulation. 26: 769. (Abstr.)

3. Dollery, C. T.,, B. L. Pentecost, and N. A. Samaan.
1962. Drug induced diabetes. Lancet. 2: 735.

4. Langdon, R. G., and F. W. Wolff. 1962. Action of diaz-
oxide. Brit. Med. J. 2: 926.

5. Black, J. 1968. Diazoxide and the treatment of hypo-
glycemia: an historical review. Ann. N. V. Acad. Sci.
150: 194.

6. Fajans, S. S, J. C. Floyd, Jr., R. F. Knopf, J. Rull,
E. Guntsche, and J. W. Conn. 1966. Benzothiadiazine
suppression of insulin release from normal and ab-
normal islet tissue in man. J. Clin. Invest. 45: 481.

7. Seltzer, H. S., and E. W. Allen. 1969. Hyperglycemia
and inhibition of insulin secretion during administration
of diazoxide and trichlormethiazide in man. Diabetes.
18: 19.

8. Wolff, F., A. Grant, J. Wales, and J. Viktora. 1968.
Exgleéimental diabetes due to insulin inhibition. Lancet.
1: .

1449



10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

1450

. Grant, A. M., J. C. Basabe, N. L. Lépez, S. V. Krees,

and F. M. Wolff. 1970. Mode of action of a diazoxide
analog (AO25). Its effects on insulin secretion. Dia-
betes. 19: 630.

Gulbenkian, A., J. J. Petillo, L. J. Schobert, F. Seidman,
A. Yannell, and I. I. A. Tabachnick. 1963. Hypergly-
cemic effect of diazoxide. Fed. Proc. 22: 543. (Abstr.)
Staquet, M., J. Yabo, J. Viktora, and F. W. Wolff.
1965. An adrenergic mechanism for hyperglycemia in-
duced by diazoxide. Metab. Clin. Exp. 14: 1000.
Loubatiéres, A., M. M. Mariani, and R. Alric. 1968.
The action of diazoxide on insulin secretion, medullo-
adrenal secretion and the liberation of catecholamines.
Ann. N. Y. Acad. Sci. 150: 226.

Tabachnick, I. I. A., and A. Gulbenkian. 1968. Mecha-

nism of diazoxide hyperglycemia in animals. Ann. N. V.
Acad. Sci. 150: 204,

Zarday, Z., J. Viktora, and F. W. Wolff. 1966. The
effect of diazoxide on catecholamines. Metab. Clin. Exp.
15: 257.

Tabachnick, I. I. A., A. Gulbenkian, and F. Seidman.
1964. The effect of a benzothiadiazine, diazoxide, on
carbohydrate metabolism. Diabetes. 13: 408.
Walfish, P. G, R. Natale, and C. Change. 1970.
B-Adrenergic receptor mechanisms in the metabolic ef-
fects of diazoxide in fasted rats. Diabetes. 19: 228.
Kvam, D. C, and H. C. Stanton. 1964. Studies on diaz-
oxide hyperglycemia. Diabetes. 13: 639.

Fajans, S. S, J. C. Floyd, Jr., C. A. Thiffault, R. F.
Knopf, T. S. Harrison, and J. W. Conn. 1968. Further
studies on diazoxide suppression of insulin release from
abnormal and normal islet tissue in man. 4nn. N. V.
Acad. Sci. 150: 261.

Porte, D., Jr,, A. L. Graber, T. Kuzuya, and R. H. Wil-
liams. 1966. The effect of epinephrine on immunoreactive
insulin levels in man. J. Clin. Invest. 45: 228.

Howell, S. L., and K. W. Taylor. 1966. Effect of
diazoxide on insulin secretion in vitro. Lancet. 1: 128.

21.

22.

23.

24,

25.

26.

27.

28.

30.

Basabe, J., N. Lépez, J. Viktora, and F. Wolff. 1970.
Studies of insulin secretion in the perfused rat pancreas:
effect of diazoxide and AO25. Diabetes. 19: 271.

Burr, I. M., L. Balant, W. Stauffacher, and A. E.
Renold. 1971. Adrenergic modification of glucose induced
biphasic insulin release from perifused rat pancreas. Eur.
J. Clin. Invest. 4: 216.

Burr, I. M, L. Balant, W. Stauffacher, and A. E.
Renold. 1970. Perifusion of rat pancreatic tissue in
vitro: substrate modification of theophylline-induced bi-
phasic insulin release. J. Clin. Invest. 49: 2097.

Burr, I. M., W. Stauffacher, L. Balant, A. E. Renold,
and G. M. Grodsky. 1969. Dynamic aspects of proin-
sulin release from perifused rat pancreas. Lancet. 2: 882,
Burr, I. M., A. E. Renold, W. Stauffacher, L. Balant,
and G. M. Grodsky. 1969. Regulation of insulin release
in perifused pancreatic tissue. Acta Diabet. Lat. Suppl. 1:
580.

Hales, C. N, and P. J. Randle. 1963. Immunoassay of
insulin with insulin-antibody precipitate. Biochem. J.
88: 137.

Winer, N., D. S. Chokshi, M. S. Yoon, and A. D. Freed-
man. 1969. Adrenergic receptor mediation of renin se-
cretion. J. Clin. Endocrinol. 29: 1168.

Bailey, R. E., A. Castro, R. M. Kramer, and D. Mac-
farlane. 1970. Enhancement of insulin release to acute
glycaemic stimulation with depression of basal insulin
production rates in insulinoma following diazoxide ad-
ministration. Acta Endocrinol. (Copenhagen). 63: 392.

. Milner, R. D. G,, and C. N. Hales. 1969. The inter-

action of various inhibitors and stimuli of insulin re-
lease studied with rabbit pancreas in vitro. Biochem. J.
113: 473.

Sokal, J. E. 1968. Failure of diazoxide to affect car-
bohydrate metabolism of the isolated liver. Diabetes.
17: 256.

I. M. Burr, E. B. Marliss, W. Stauffacher, and A. E. Renold



