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Summary. The action of diazoxide, an antidiuretic agent, and diphenylhydantoin,
an antiepileptic (DPH), both with strong hyperglycemic side effects on the pancreatic B cells,
was examined by electron microscopy and cytochemistry, with the following findings.

1. Effects on secretory apparatus: the severe hyperglycemic syndrome following a single
injection of diazoxide (200 mg/kg) or DPH (150 mg/kg) did not change the granularity of
the B cells. Ultrastructurally a marked increase of lysosomal digestion of secretory granules
(crinophagy) was observed in almost all B cells. Crinophagy may be regarded as a result
of an impaired discharge of secretory granules during simultaneous maintenance of biosyn-
thesis. It is also possible that changes of the electrophysical properties of the granule surfaces
may play an additional role in crinophagy.

2. Effect on synthesizing apparatus: in B cells subtotally degranulated by the injection
of anti-insulin serum (AIS), regranulation occurred more rapidly after the additional adminis-
tration of diazoxide or DPH than without these compounds. This fact may imply that,
under the hyperglycemic conditions tested, diazoxide or DPH have no effect on the synthe-
sizing capacity of the B cells.

Key words: Inhibition of insulin secretion — Diazoxide — Diphenylhydantoin — B cell
morphology — Crinophagy.

Introduction

Diazoxide, a benzothiadiazine derivative, and diphenylhydantoin (DPH), a hydan-
toin derivative, show strong hyperglycemic effects (Wolff et al., 1963 ; Fariss and
Lutcher, 1971). Both substances cause direct inhibition of insulin secretion (Levine
et al., 1972). A marked crinophagy in B cells was found to be the morphologic
equivalent of the acute, diazoxide-induced inhibition of insulin secretion (Creutz-
feldt et al., 1969). After a protracted application of diazoxide, degranulated inac-
tive B cells were found. Similar morphologic investigations of DPH-treated B
cells have not yet been made.

The present study deals with the short-term effect of diazoxide on the process
of insulin secretion in B cells of mice, and compares these findings with the B cell
changes following a gimilar DPH treatment. Moreover, in order to discern a pos-
sible inhibitory effect on insulin biosynthesis by morphologic methods, we con-
ducted a regranulation experiment. For this purpose the B cells of animals were
at first stimulated and subtotally degranulated by application of anti-insulin serum
(AIS). Subsequently, release of insulin was inhibited by means of diazoxide or
DPH and the regranulation was traced. The degree and velocity of the regranula-
tion were regarded as indicators of the biosynthetic activity of B cells under dia-
zoxide and DPH treatment.

Materials and Methods

The investigations were conducted on male albino mice weighing 25-30 g. The animals
were kept under standard conditions with an Altromin® standard diet and free access to
water. All experiments were performed in nonfasting animals.

* Supported by Deutsche Forschungsgemeinschaft, SFB 34, Endocrinology, Hamburg
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Table 1. Grouping and treatment

Groups 7 Treatment Duration

1 9 Diazoxide 90, 180, 360 min
2 9 DPH 90, 180, 360 min
3 9 0.9% NaCl 90, 180, 360 min
4 20 ATS ATS 6,9,12,18,24h
5 20 ATS AIS Diazoxide 6,9,12,18,24h
6 20 AIS AIS DPH 6,9,12,18,24h
Injection AQh A3h A6h

Substances. Diazoxide (Hypertonalum®; Byk-Essex, Miinchen) was injected i.p. in single
doses of 200 mg/kg body weight. Diphenylhydantoin (Diphenhydan, Desitin, Hamburg)
was administered in single doses of 140 mg/kg i.p. Anti-insulin serum (AIS) from guinea pigs
against bovine insulin was injected i.p. in single doses of 0.5 ml.

Grouping. The following 6 groups were formed (Table 1):

Groups 1-3: the animals received single injections of diazoxide (group 1) and DPH
(group 2) in doses as mentioned above. Three animals were sacrificed after 90, 180 and 360min.
The controls (group 3) received 0.5 ml 0.9% NaCl.

Groups 4-6: each animal was injected twice with anti-insulin serum (AIS) in the doses
given above at the beginning of the experiment and 3 h after. While group 3 remained
as a control group, groups 4 and 5 received diazoxide or DPH in addition to AIS 6 h after
the beginning of the experiment. Four animals of each group were killed after 6, 9, 12, 18,
and 24 h.

Determination of Plasma Glucose Levels. Prior to the beginning of the experiments and
at sacrifice blood samples of each animal were taken from the retroorbital venous plexus.
In an additional study blood samples were drawn from mice (n==15) 30, 90, 180, 360 min,
and 12 h after injection of diazoxide or DPH (Fig. 1). Plasma glucose was determined using
the glucose oxidase method (Boehringer, Mannheim).

Determination of Plasma Immunoreactive Insulin. Values of immunoreactive insulin (TRI)
were determined in the animals of group 1 and in some of group 3 by the method of Zaharko
and Beck (1968) using rat insulin as the standard.

Light microscopy. After decapitation of the animals under ether anesthesia a piece of
pancreatic tissue was fixed in Bouin’s solution. From paraffin-embedded material 7 y-thick
sections were stained with hematoxylin eosin, periodic acid Schiff, and Gomori’s aldehyde
fuchsin (AF). B-cell secretory granulation was estimated semiquantitatively through eva-
luation of the AF-staining intensity according to the following scale: 1 = weak, 2 = moderate,
3 =strong.

Electron Microscopy. Immediately after removal pancreatic tissue was cut into small pieces
and fixed in 2.1% glutaraldehyde buffered with 0.1 M sodium cacodylate (pH 7.4). After
rinsing in cacodylate buifer the tissue was postfixed in 1% buffered osmic acid, again repeat-
edly rinsed in the cacodylate buffer, then dehydrated in ethanol and propylenoxide, and
finally embedded in Epon 812. Ultrathin sections were cut with a Reichert ultramicrotome
OM U2, stained with uranylacetate and lead citrate, and studied with Zeiss EM 9.

For ultracytochemical demonstration of acid phosphatase in B cells pancreatic tissue
was fixed for 2 h in glutaraldehyde. Subsequently the tissue was enclosed in agar, and 40 .
sections were prepared with a Sorvall tissue chopper. Under the stereomicroscope those
sections which contained islets, were singled out and examined further. These sections were
then incubated for 20 min at 37°C in a modified solution (Ericsson and Trump, 1965), which
consisted of 60 mg sodium «-glycerophosphate (Serva, Heidelberg) in 17 ml bidistilled water
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and 5 ml stock solution. The stock solution consisted of 2.85 g dehydrated sodium acetate
0.7 g lead nitrate (cryst.), 0.5 ml glacial acetic acid, and 56 g sucrose. The solution was filled
up to 150 ml with bidistilled water. After incubation and rinsing three times in 7.5% sucrose,
the tissue was dehydrated as mentioned above, embedded in Epon 812, cut with an ultra-
microtome, and stained with lead citrate.

Results

Effects of Diazoxide (Group 1)

The single injection of diazoxide resulted in a temporary hyperglycemic syn-
drome, which persisted over a 12-h period (Fig. 1). A peak value of 614 mg% was
measured after 360 min, while at the same time the serum insulin levels decreased
to almost immeasurable values.

The B cells demonstrated a marked to strong granulation throughout the entire
investigation. When ultrastructurally viewed the secretory granules of the B cells
were uniformly distributed over the cytoplasm. Frequently to be observed were
barlike, in part arcuate deposits of uniform electron-opaque material in the halos
of single secretory granules (Fig. 2). Moreover, numerous lysosomes were found
containing secretory granules. These lytic bodies were classed as multigranulated
bodies and dense bodies. The multigranulated bodies consisted of several densely
aggregated but nevertheless distinctly separable granule cores, which were sur-
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Fig. 1. Mean values (- SDM) for plasma glucose in mice after a single injection of diazoxide
(0) or DPH (A). Plasma immunoreactive insulin levels (4 SDM) in mice treated with dia-
zoxide
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Fig. 2. B cell of mouse 90 min after injection of DPH. Well-granulated B cell with multi-
granulated bodies (arrow). Single barlike deposits of electron dense material in the halos
of secretory granules (asterix). < 16,400

rounded by a single limiting membrane. The dense bodies were round electron-
dense figures containing blurred granule residues within a dense matrix. Transi-
tions were present between multigranulated and dense bodies. Furthermore, aggre-
gates of secretory granules with fused membranes were found, which probably re-
presented precursors of multigranulated bodies. Fusions of aggregated secretory
granules with other organelles, e.g., lysosomes could not be observed. On the other
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Fig. 3. Part of a B cell 360 min after diazoxide injection. Between secretory granules multi-
granulated bodies are present with blurred surrounding membranes and beginning disinte-
gration of the granule cores. Adjacent are myelin figures (). x 57,000

hand, incorporation of single secretory granules into dense bodies was occasionally
seen. Giranule aggregates, multigranulated and dense bodies occurred in animals
sacrificed at all times. Some of the multigranulated and dense bodies showed signs
of degradation from dissolution of their electron-dense content and their limiting
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Fig. 4. B cells 360 min after diazoxide injection: in cytoplasm are disintegrating multi-
granulated bodies, some of which are in process of changing to myelin figures (arrow). Inlet:
Multigranulated body in extracellular space. X 19,500

membranes (Fig. 3). This was most obvious at 360 min. Finally, they appeared to
be transformed in myelin figures (Fig. 4). Single multigranulated bodies were ob-
gerved in the extracellular space, suggesting an occasional exocytosis of lytic bo-
dies. The Golgi complexes as well as the RER remained unchanged.
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Fig. 5. B cell 90 min after diazoxide injection: strong acid phosphatase activity within
dense body (D B) containing secretory granulelike material. X 26,000

Effects of Diphenylhydantoin (Group 2)
Agafter diazoxide, DPH application leads to a rapid and reversible increase in plas-
ma glucose, reaching a maximum of about 500 mg% after 180 min (Fig. 1). Ori-
ginal values were restored after 12 h.

Histologically, the B cells remained heavily granulated throughout the hyper-
glycemic syndrome. When viewed ultrastructurally the B cells were found to be
well granulated. Analogous to diaxoxide treatment crinophagy phenomena with
multigranulated and dense bodies were also found. All together, however, these
processes seemed less frequent and less marked when compared with diazoxide-
treated animals.

Ultracytochemical evidence of acid phosphatase activity was always markedly
positive in the multigranulated and dense bodies of B cells in diazoxide or DPH.-
treated animals (Fig. 5). A weak reaction was also found in the Golgi complexes,
whereas the granule halos remained unstained.
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Fig. 6. Mean values for plasma glucose (4- SDM) and B-cell granulation in mice during treat-

ment by ATS (A) applied twice and subsequent diazoxide (0) and DHP (A) injections respec-

tively. Degree of B-cell granulation is evaluated by intensity of aldehyde fuchsin (4F) staining
(1 =weak, 2=moderate, 3 = strong)

Controls (Group 3)

The B cells of the normoglycemic controls were well granulated. At the ultrastruc-
tural level, signs of lysosomal digestion of secretory granules could only be identi-
fied singly.

Effects of Anti-Insulin Serum and Diazoxide or DPH (Group 4-6)

To estimate better biosynthesis of insulin after diazoxide and DPH application,
B cells, which were subtotally degranulated by ATIS injection before treated with
diazoxide or DPH, were examined as to their ability to regranulate under these
conditions.

Repeated injections of AILS (group 4) brought about a modest hyperglycemia
with average values of about 250 mg% (Fig. 5). These values remained almost
constant over a period of 18 h and returned to original values after 24 h. In spite
of this moderate hyperglycemia a marked B cell degranulation, lasting about 12 h,
was observable on histologic examination (Figs. 6 and 7). At the ultrastructural
level, in addition to the degranulation, a marked activation of the biosynthetic
apparatus appeared, showing an enlargement of the Golgi complexes and a RER
hyperplasia.

AIS and subsequent diazoxide or DPH injection (groups 5 and 6) induced a
marked hyperglycemia with average values of about 600 mg%, which persisted
until the end of the experiment (Fig. 6). Histologically, the initial subtotal de-
granulation resulting from AIS treatment changed into a rapidly increasing re-
granulation 9 h after diazoxide or DPH injection. Thus the granularity of the B
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Fig. 7a—c. Pancreatic islets of mice. % 300. (a) Well-granulated B cells with strong AF inten-

sity in normoglycemic controls. (b) Subtotally degranulated B cells with negative to weak

AF intensity after 2 AIS injections (18 h after beginning of experiment). (¢) Markedly re-

granulated B cells of moderate to strong AF intensity after 2 ATIS and subsequent diazoxide
injections (18 h after beginning of experiment)
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Fig. 8. B-cells after 2 AIS injections and subsequent diazoxide or DPH injections (18 h after

beginning of experiment): strongly activated biosynthesis apparatus with hypertrophy and

hyperplasia of the RER (asterix), hypertrophy of the Golgi complexes (GC), and marked new
formation of secretory granules . x 19,300

cells was restored much earlier after AIS and subsequent diazoxide or DPH appli-
cation than after ALS treatment alone (Fig. 6). Ultrastructurally, the regranula-
tion phase in the ATIS and diazoxide or DPH-treated animals was characterized by
an unmitigated intense activation of the biogynthesis apparatus with an increased
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formation of new secretory granules (Fig. 7). Occasionally granulolytic figures were
observed.

Discussion

The exhibition of diazoxide to the animalsresults in a rapid and reversible increase
in blood glucose. The degree and duration of the hyperglycemic syndrome are
strongly dose-correlated (unpublished observation). As to the origin of the hyper-
glycemic effect of diazoxide it is suggested (a) that diazoxide may exercise an in-
fluence on the glucose metabolism via glycogenolysis, gluconeogenesis, and lipoly-
sis (Nabwangu et al.,, 1965; Schultz et al., 1966 ; Jansen et al., 1967 ; Frerichs
et al., 1968 ; Walfish et al., 1970), (b) that diazoxide may trigger a reactive cate-
cholamine release with subsequent inhibition of insulin secretion (Wolff et al.,
1963 ; Kvam etal., 1964 ; Meng et al., 1965 ; Staquet et al., 1965 ; Tabachnik et al.,
1965 ; Raber et al., 1966 ; Zarday et al., 1966 ; Loubatiéres et al., 1967) and (c)
that diazoxide may directly inhibit glucose-induced secretion of insulin, as was
shown by in vitro examination (Loubatiéres et al., 1968 ; Basabe et al., 1970;
Levin et al., 1972). In addition to the inhibition of the glucose-induced insulin
secretion, diazoxide also suppresses the insulinotropic effects of glucagon and leu-
cine, but not those of tolbutamide (Fajans et al., 1966). The mechanism of how
diazoxide acts on insulin secretion is unknown. One possibility under discussion
is that insulin secretion may be inhibited by inactivation of adenylcyclase and
activation of phosphodiesterase with subsequent diminution of cAMP, which it-
self may play a role in the complex process of insulin release (Montague and Ho-
well, 1973). As a second possibility it is thought that diazoxide influences insulin
secretion via altered calcium handling by the B cells, since it has been shown to
induce marked calcium efflux from the B cells (Malaisse et al., 1973). This finding
is supported by results of recent histo- and ultracytochemical studies on calcium
in B cells during diazoxide treatment which show a marked calcium depletion
(Klsppel et al., 1975; Schéfer et al., 1975). Thus diazoxide probably acts on insulin
secretion by changing the cytosolic calcium concentration which is thought to
trigger the secretory process (Malaisse et al., 1973).

Creutzfeldt et al. (1969) found signs of marked crinophagy, an intracellular
lysosomal digestion of secretory granules (Smith and Farquhar, 1966) in B cells of
rats treated with diazoxide. These findings were regarded as the morphologic
equivalent of inhibited insulin release. The present investigation confirms these
findings. Remarkably, the inhibition of insulin release, which is recognizable histo-
logically by hypergranulation, and ultrastructurally by inactivated secretory ap-
paratus in addition to crinophagy, is maintained over a long period of time, de-
spite high plasma glucose values.

DPH, as does diazoxide, inhibits the release of glucose-stimulated insulin re-
lease in vivo (Fariss et al., 1971 ; Malherbe et al., 1972 ; Levin et al., 1972) and in
vitro (Kizer et al., 1970 ; Levin et al., 1970 ; 1972). Contrary to diazoxide, DPH is
able to abolish the insulinotropic effect of sulfonylureas. It is suggested that DPH,
by reducing the intracellular sodium concentration, changes the sodium-depen-
dent calcium influx into the B cells and thus influences insulin secretion (Kizer
et al., 1970 ; Bihler and Sawh, 1971). As recent studies on morphologic calcium
demonstration in B cells reveal the same calcium depletion as seen after diazoxide
treatment (Kloppel et al., 1975; Schéfer et al., 1975), this can be regarded as an
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indirect reference to the hypothesis that DPH also alters insulin secretion via
calcium metabolism of the B cells.

The histologic and ultrastructural features of B cells inactivated by DPH
and diazoxide resemble each other closely. Thus, DPH application also accounts
for distinet crinophagy in B cells. Nevertheless the granulolytic processes in
B cells of DPH-treated animals seem to be less frequently found and less marked
than those seen after diazoxide treatment.

The intracellular lysosomal digestion of secretory granules is considered to be
a response of the cell to an intracellular accumulation of secretory products
following a shutdown of secretion (Smith and Farquhar, 1966; Orci et al., 1970).
Findings in the B cells of diazoxide or DPH-treated animals can also be inter-
preted in this way. The demonstration of strong activity of acid phosphatase,
an enzyme regarded as a marker enzyme of lysosomes (Novikoff, 1963), within
multigranulated bodies and dense bodies containing secretory granule cores
supports a lysosomal nature of these organelles. Interestingly, the inhibition
of insulin secretion during hypoglycemia due to the injection of exogenous insulin
does not seem to induce an increase in crinophagic processes in B cells (Logo-
thetopoulos, 1966; Schéfer und Kloppel, 1974). From this it can be concluded
that an inhibition of insulin secretion does not necessarily result in an accelerated
dissolution of secretory granules. The reason for these different responses of the
B cell to inactivation of secretion is not known. As tentative explanations it may
be suggested that crinophagy is only induced in those B cells (1) in which, in
opposition to insulin release, insulin biosynthesis is not or only slightly inhibited,
as seen under diazoxide or DPH treatment, andjor (2) in which electrostatic
barriers between the surfaces of secretory granules are altered or reduced. The
last possibility may be the consequence of a general calcium depletion of the B
cell, as occurs under diazoxide or DPH treatment (Kloppel et al., 1975; Schéfer
et al., 1975). In vitro, the fragility of a crude fraction of § granules exposed
to the ionophore X-537 A can be diminished by an increase in the calcium con-
centration of the incubation medium (Hellman, 1975).

Until now the question of whether diazoxide has in addition an effect on
insulin biosynthesis has been subject of only a few investigations (Basabe et al.,
1970; Burr et al., 1971; Levin et al., 1972; Levy and Malaisse, 1975). No publi-
cations concerning this problem of the effects of DPH are available. An argument
against a possible diazoxide-induced inhibition of insulin biosynthesis is the in-
creased insulin content of the pancreas after diazoxide-inhibited insulin release
(Basabe et al., 1970) and, in addition, the increased postinhibitory insulin release
(Basabe et al., 1970; Burr et al., 1971; Levin et al., 1972). On the other hand,
demonstration of a diminished proinsulin production after diazoxide (Levy and
Malaisse, 1975) points to an inhibition of insulin biosynthesis. Present findings
show that in mouse B cells, which had been, prior to a diazoxide injection, sub-
totally degranulated by double AIS injection, the biosynthetic apparatus is
strongly activated in spite of inhibited insulin release. Thus regranulation occurs
earlier in these B cells (within 12 h) than in those without diazoxide (within 18 h).
Analogous results emerge for DPH treatment. As a consequence of these results
we assume that diazoxide and DPH fail to inhibit strongly activated insulin
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biosynthesis. In this in vivo examination with its long-lasting severe hyper-
glycemia, the inhibitory effect of diazoxide on proinsulin production, demon-
strated by Levy and Malaisse (1975) in low glucose medium, is probably overcome
by the maximum glucose effect on insulin biosynthesis. The suggestion that dia-
zoxide seems to inhibit insulin biosynthesis only under conditions of normogly-
cemia or slight hyperglycemia might also explain the results of a study of Creutz-
feldt et al. (1969) who found, under almost normoglycemic conditions, marked
B cell degranulation and atrophy in rats treated with diazoxide over 14 days.

Considered together the results of the present investigation suggest that the
B cells in DPH-treated mice show by analogy with the B cells in diazoxide-
treated mice an increased lysosomal granulolysis activity, a fact which may be
a characteristic for a certain mode of inhibition of insulin secretion. Furthermore,
diazoxide and DPH are unable to prevent the regranulation of subtotally de-
granulated B cells during hyperglycemia. Hence, diazoxide and DPH do not
seem to exert an inhibitory effect upon insulin biosynthesis under strong hyper-
glycemic conditions.

The authors wish to thank Mrs. Katrin Baack, Miss Monika Fischer, and Miss Ute Zeiger
for their skilful assistance.
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