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MECHANISMS OF ALLOXAN DIABETOGENICITY

ABSTRACT
Grankvist, Kjell (1981) Mechanisms of alloxan diabetogenicity.
Umeå University Medical Dissertations, New Series No 72 
ISSN 0346 - 6612

Suspensions of pancreatic islet cells from ob/ob-mice were 
incubated with Trypan Blue. Microscope photometry showed that 
apparently viable cells excluded the dye completely, whereas 
the nuclei of non-viable cells accumulated Trypan Blue by a 
saturable process. Alloxan rapidly increased the permeability 
of the plasma membrane in mouse 3-cells; the exclusion 
of Trypan Blue is a valid and useful measure of islet cell 
viability following alloxan exposure.

The diabetogenic action of alloxan may be mediated by 
hydroxyl radicals. In several biological systems hydroxyl radi
cals are formed by an iron-catalyzed reaction between superoxide 
anion radicals and hydrogen peroxide. To test whether this 
applies to alloxan diabetogenicity, the effects of superoxide 
dismutase, catalase, scavengers of hydroxyl radicals, and metal 
ion chelators were tested (a) in a cell-free radical-generating 
system and (b) on islets and islet-cells exposed to alloxan In 
vitro. The effect of longtime-circulating superoxide dismutase 
injected prior to alloxan was tested on mice in vivo.

Luminol chemiluminescence was used to monitor alloxan-dependent 
radical production. Accumulation of 8^Rb+ and exclusion of Trypan 
Blue were used as cell viability criteria in isolated mouse islets 
and islet-cells. Blood glucose was determined to monitor the 
development of diabetes in living animals.

Superoxide dismutase, catalase, scavengers of hydroxyl radicals, 
and metal ion chelators inhibited the alloxan-dependent chemi
luminescence and decreased the toxic effects on Rb+ accumulation 
or Trypan Blue exclusion in islets and islet-cells. Superoxide 
dismutase, linked to polyethylene glycol and injected 12 hours 
before alloxan, largely prevented the development of alloxan 
diabetes.

Alloxan toxicity _in vitro and in vivo seems to depend on the 
formation of superoxide radicals and hydrogen peroxide which in 
turn form the noxious hydroxyl radical via an iron-catalyzed 
Haber-Weiss reaction.

As free radicals and hydrogen peroxide can be formed by other 
chemicals and during inflammation, and inflammation may accompany 
the outbreak of human diabetes, studies on the beneficiary effects 
of superoxide dismutase and other scavengers of free radicals in 
other forms of diabetes seem warranted.
Key words: Alloxan, catalase, experimental diabetes, free radicals, 

islets of Langerhans, rubidium accumulation, superoxide 
dismutase, Trypan Blue
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vitro" Biochem. J . 182, 17-25
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ABSTRACT

Suspensions of pancreatic islet cells from ob/ob-mice 
were incubated with Trypan Blue. Microscope photometry 
showed that apparently viable cells excluded the dye com
pletely, whereas the nuclei of non-viable cells accumulated 
Trypan Blue by a saturable process. Alloxan rapidly 
increased the permeability of the plasma membrane in mouse 
ß-cells; the exclusion of Trypan Blue is a valid and useful 
measure of islet-cell viability following alloxan exposure.

The diabetogenic action of alloxan may be mediated by 
hydroxyl radicals. In several biological systems hydroxyl 
radicals are formed by an iron-catalyzed reaction between 
superoxide anion radicals and hydrogen peroxide. To test 
whether this applies to alloxan diabetogenicity, the 
effects of superoxide dismutase, catalase, scavengers of 
hydroxyl radicals, and metal ion chelators were tested 
(a) in a cell-free radical-generating system and (b) on 
islets and islet-cells exposed to alloxan in vitro. The 
effect of longtime-circulating superoxide dismutase 
injected prior to alloxan was tested on mice in vivo.

Luminol chemiluminescence was used to monitor alloxan- 
dependent radical production. Accumulation of ^ R b + and 
exclusion of Trypan Blue were used as cell viability 
criteria in isolated mouse islets and islet-cells. Blood 
glucose was determined to monitor the development of 
diabetes in living animals.



Superoxide dismutase, catalase, scavengers of hydroxyl 
radicals, and metal ion chelators inhibited the alloxan- 
dependent chemiluminescence and decreased the toxic effects 
on Rb+ accumulation or Trypan Blue exclusion in islets and 
islet-cells. Superoxide dismutase, linked to polyethylene 
glycol and injected 12 hours before alloxan, largely pre
vented the development of alloxan diabetes.

Alloxan toxicity in vitro and in vivo seems to depend 
on the formation of superoxide radicals and hydrogen 
peroxide which in turn form the noxious hydroxyl radical 
via an iron-catalyzed Haber-Weiss reaction.

As free radicals and hydrogen peroxide can be formed 
by other chemicals and during inflammation, and inflammation 
may accompany the outbreak of human diabetes, studies on 
the beneficiary effects of superoxide dismutase and other 
scavengers of free radicals in other forms of diabetes 
seem warranted.
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INTRODUCTION

Brief historical background
Shortly after the discovery that alloxan injections 

into rabbits produced selective necrosis of the 3-cells in 
the islets of Langerhans (Dunn et al., 1943), a number of 
reports showed that permanent diabetes mellitus could be 
produced by the drug. The animals treated with alloxan 
showed the classical signs of diabetes: hyperglycaemia, 
glucosuria, polydipsia, ketonuria and acidosis. However, 
not all species of animals were found to be susceptible to 
alloxan; the guinea pig, for instance, is relatively 
resistant (Rerup, 1970).

The action of alloxan is rapid. The drug disappears 
from the blood within minutes, and cellular lesions can 
be demonstrated within this time. At high doses alloxan 
produces hemolysis and damage to the kidneys, liver and 
the adrenal glands (Rerup, 1970).

The diabetogenic action of alloxan is prevented by 
prior or simultaneous exposure to a variety of agents, 
such as methylxanthines (Lacy et al., 1975), thiol agents, 
metal ions and certain D-hexoses (Rerup, 1970). Thus, one 
factor influencing the sensitivity of the 3-cell to alloxan 
in vivo is the level of blood glucose at the time of in
jection (Kaneko & Logothetopoulos, 1963).

After alloxan injection there is a marked fall in blood



GSH (El-Hawary et al., 1977) and islet GSH (MacDonald, 1959 
Falkmer, 1961); GSSG levels remain unaffected (Bhattacharya 
et al. , 1956). Manipulations of the blood or tissue GSH 
contents, have been reported to increase or decrease the 
sensitivity of animals to alloxan exposure (Lazarow, 1946; 
Griffiths, 1948; Heikkila & Cabbat, 1981).

Proposed subcellular sites of alloxan action in 3-cells 
The plasma membranes of intact islet cells are imper

meable to mannitol. Cooperstein and coworkers (1964),
1 4studied the permeability of toadfish islets to C-mannitol 

in vitro. A small dose of alloxan was found to increase 
the rate of mannitol penetration into the islets, whereas 
the permeability of kidney, heart, brain, gill, muscle
and liver cells were not altered. Moreover, when a mixture

14 3of C-labelled alloxan and H-labelled mannitol was in
jected in vivo the distribution of alloxan corresponded 
very closely to that of mannitol. The osmotic behaviour of 
non-diabetogenic tracer doses of alloxan was that of a non
penetrating solute, indicating that alloxan was confined
to the extracellular compartment of the intact islets. With

1 4diabetogenic doses of alloxan, the penetration of C into 
the islet-cells increased, and protein leakage from the 
cells occurred, indicating damage to the cell membranes 
(Cooperstein et al., 1964). On the basis of such experi
ments, Cooperstein et al. (1964) proposed that damage to 
the 3-cell plasma membranes is an early event in the
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diabetogenic action of the drug.
In isolated rat islets an increased plasma membrane 

permeability to horseradish peroxidase was noticed several 
minutes after alloxan exposure (Tornita & Watanabe, 1976); 
no increase of membrane permeability to the peroxidase was 
found in guinea pig islets. However, McDaniel et al. (1975) 
did not find an increased permeability to small organic 
molecules after exposure of rat islets to alloxan, suggest
ing that in mammals the primary action of the drug might
not be exerted in 3-cell plasma membranes.

Studies of the islet uptake of alloxan in isolated
rat islets (Weaver et al., 1978) indicating that alloxan 
could penetrate through the plasma membrane, as well as 
ultrastructural studies and studies of islet metabolism 
have led some authors to conclude that alloxan could pri
marily act on the mitochondria (Boquist, 1980; Borg, 1981 
a & b) . Thus the question of the primary site of alloxan 
action is still a matter of discussion.

Some chemical aspects of alloxan reactivity
In aerobic cells the majority of the molecular oxygen 

is reduced tetravalently to water by cytochrome oxidase. 
However, oxygen is also univalently reduced to a certain 
extent. During this univalent reduction reactive molecules 
are formed (DelMaestro, 1980). One electron reduction of 
oxygen (0̂ ) yields superoxide radicals (02’ ) while two
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electron reduction yields hydrogen peroxide (H^O^) and 
three electron reduction yields hydroxyl radicals (OH*) 
(DelMaestro, 1980). The unpaired electron in an outer 
orbital makes the radicals extremely reactive. In fact, 
the hydroxyl radical is among the most reactive chemical 
species known. It reacts instantaneously with almost any 
molecule it encounters (Dorfman & Adams, 1973).

As free radicals and hydrogen peroxide are generated 
in small amounts intracellularly, the cells have developed 
enzymatic and non-enzymatic protection mechanisms against 
the reactive reduction products of oxygen. The superoxide 
anion (Ô * ) is protected against by superoxide dismutase
which catalyzes the dismutation of 0^ to hydrogen peroxide 
(H202):

2 C>2 ' ~ + 2H+  > H202 + 02

'&2®2 ^S in turn taken care of by catalases and peroxidases. 
Catalases use both as a reductant and an oxidant,
whereas peroxidases only use ^2°2 as an oxidant. The overall 
catalatic and peroxidatic reactions can be written as 
follows :

Catalase: H2°2 + H2°2  ^ 2H2° + °2

Peroxidases: + RH^  > 2H2° + R
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Vitamin E, a constituent of lipid membranes (Oski, 
1980), and ceruloplasmin in plasma (Gutteridge, 1978; 
Goldstein et al., 1979) are two non-enzymatic substances 
that protect cells against free radical toxicity, probably 
by acting as scavengers.

Alloxan is readily reduced to dialuric acid by several 
reducing compounds including GSH (Patterson et ad., 1949). 
Dialuric acid may complex with alloxan to form alloxantin, 
or may under aerobic conditions be reoxidized to alloxan 
(Fee et al., 1975). When dialuric acid autooxidizes a rapid 
consumption of molecular oxygen occurs (Margules & 
Griffiths, 1950; Fee et al., 1975).

By the electron spin resonance technique Lagercrantz 
and Yhland (1963) demonstrated production of free radicals 
in a mixture of GSH and alloxan. They showed that the 
radical production was highly efficient at neutral pH and 
that dialuric acid gave rise to the same ESR spectrum as 
alloxan.

On the basis of experiments in vivo, Heikkila and 
coworkers proposed that the diabetogenic action of alloxan 
is mediated via hydroxyl radicals (Heikkila et al., 1974, 
1976; Heikkila, 1977). A conceivable sequence of reactions 
generating OH* radicals involves: (1) reduction of alloxan
to dialuric acid; (2) formation of O^’ by autooxidation 
back to alloxan (Deamer et al., 1971; Cohen & Heikkila, 
1974); (3) formation of H^O^ from O^* and H+, spon
taneously or by superoxide dismutase catalysis (McCord &
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Fridovich, 1969; and (4) formation of OH’ from 0^* and ̂ 2^2 
according to the Haber-Weiss reaction, as catalyzed by iron 
(Halliwell, 1978; McCord & Day, 1978) or perhaps other 
transition-metal ions (VanHemmen & Meuling, 1977).

Free radical involvement in alloxan/dialuric acid 
toxicity is compatible with the early observations that 
vitamin E protects against alloxan/dialuric acid-induced 
hemolysis (Rose & György, 1950; Bunyan et al., 1960 a & 
b; Fee & Teitelbaum, 1972; Fee et al., 1975).
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AIMS OF THE INVESTIGATION

Against the above background it was considered desir
able to use in vitro^systems with isolated islets in an 
attempt to clarify mechanisms of alloxan diabetogenicity 
at the level of the 3-cell. This programme necessitated 
some introductory methodological work. Detailed formula
tions of the aims of the various parts of the study are 
given in the separate papers. Put in brief, the major aims 
of the thesis work can be stated as follows:

1. To validate the Trypan Blue exclusion method as a 
tool for studying alloxan toxicity against isolated islet 
cells in vitro (I, II).

2. To test the hypothesis that alloxan exerts its 
diabetogenic action by giving rise to toxic free radicals 
(III-VI).

3. To test whether superoxide dismutase can be used as 
a prophylactic drug _in. vivo to protect mice from the dia
betogenic action of alloxan (V).
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MATERIALS AND METHODS

Animals
For the in vitro-experiments (I-IV), male adult non

inbred obese (ob/ob) mice from a local colony were starved 
over-night. The pancreatic islets of these mice contain 
more than 90 % 3-cells (Heilman, 1965), which are 
susceptible to the toxic action of alloxan (Nordenström 
et al., 1973). Although the animals are metabolically 
abnormal in being obese and hyperglycemic (Kaplan & Leveille,
1974), their 3-cells respond adequately to glucose 
(Lernmark, 1971) and have been extensively used as an 
experimental model for studying the mechanisms of insulin 
secretion (Täljedal, 1981). Young, lean mice non-homozygous 
for the ob-gene and phenotypically normal were used for in 
vivo experiments (V).

Isolation of islets and islet cells
When studying ^ R b + accumulation by whole islets, the 

islets were isolated by free-hand micro-dissection without 
the use of collagenase (Hellerström, 1964). Dissection was 
performed at about 14° C with the pancreas immersed in a 
salt-balanced medium with the same formula as Krebs-Ringer 
bicarbonate (DeLuca & Cohen, 1964) except that the bicarbon
ate was replaced by 20 mM 4-(2-hydroxyethyl)-1-piperazine- 
ethanesulphonic acid (Hepes) adjusted to pH 7.4. This
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buffer was also used in all subsequent incubations of 
microdissected islets (III, IV).

When studying the exclusion of Trypan Blue by islet 
cells in suspension, islets were isolated by collagenase 
digestion, broken up to a milky suspension of cells and 
cleansed of tissue debris by centrifugation through dense 
albumin (Lernmark, 1974). Tissue culture medium 199 (Salk 
et al. , 1 954) buffered with 20 mM Hepes (pH 7.4) and 
lacking phenol red and albumin was used in all experiments 
with isolated islet cells (I-III).

86 +Rb accumulation by isolated islets 
86 +Rb’ accumulation was used as a tool for studying the 

diabetogenic action of alloxan in isolated islets in vitro
O  ÇL 1(Idahl et al., 1977; III, IV). Alloxan inhibits Rb 

accumulation in isolated islets but not in acinar tissue. 
The effect on islets is prevented by the same D-hexoses 
as those which prevent alloxan diabetes in vivo. The

8 6  H“accumulation of Rb has therefore been suggested as a
model for elucidating the diabetogenicity of alloxan in
vitro (Idahl et al., 1977).

Batches of islets were incubated in non-radioactive
medium for 40 (or 60) min. After 30 (or 50) min alloxan
was added and the incubation continued for 10 min. All
batches of islets were then incubated in medium labelled 

86 3with RbCl and ( H)-sucrose. The radioactive medium
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contained neither alloxan nor test substance. After 120
min the islets were transferred to small pieces of foil,
freed of fluid and rapidly frozen. After freeze-drying,
the islets were weighed, dissolved in scintillation fluid 

86 3and analyzed for Rb and H in a liquid-scintillation 
counter. The islet content of Rb in excess of the extra
cellular space was calculated.

Trypan Blue exclusion by isolated islet cells
The Trypan Blue dye exclusion test is an often used 

staining technique for estimating the viability of cell 
populations (Tennant, 1964; Medzihradsky & Marks, 1975).
In general, the validity of dye exclusion tests seems to 
depend on the concentration of dye and cytotoxic substance 
used (Black & Berenbaum, 1963; Bhuyan et al., 1976). 
Comparisons of the Trypan Blue exclusion test with other 
tests of cell viability have given diverging results 
(Detrick-Hooks et al., 1975; Sullivan et al., 1972; 
Tennant, 1964; Bhuyan et al., 1976). Therefore, whenever 
the Trypan Blue exclusion test is used, the system under 
study should be carefully defined and thoroughly examined 
in order for the conclusions about cell viability to be 
reliable (Tennant, 1964). Such examinations are reported 
in detail in papers I and II. Islet-cell suspensions were 
usually incubated for 30 min at 37° C in Hepes-buffered 
tissue culture medium 199. After 15 min, alloxan, other 
drugs, or solvent alone was added. After completed
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incubation, the tubes were centrifuged, the supernatant 
removed and Trypan Blue added. The frequency of cells with 
stained nuclei was assessed by counting randomly selected 
cells under a light microscope. The light absorbance of 
cell nuclei was measured by a microscope photometer.

Alloxan experiments in vivo
Mice of normal phenotype were injected in a tail 

vein. Injections of superoxide dismutase coupled to 
polyethylene glycol (SOD-PEG) were performed 12 h before 
intravenous injections of alloxan. Blood was collected 
from the tail tips and analyzed for glucose at predetermin
ed time-points. For control purposes, enzymatically 
inactive SOD-PEG was injected, and the blood glucose 
levels were followed in animals which had or had not been 
injected with alloxan. As another control, polyethylene 
glycol alone was injected before alloxan and samples for 
blood glucose determination were taken. Glucose was 
assayed by an automated glucose oxidase/peroxidase 
technique (Glox reagents, Kabi). Superoxide dismutase 
activities of blood plasma of active or inactivated 
SOD-PEG was assayed by the direct spectrophotometric 
method employing KO^ (Marklund, 1976).

Chemiluminescence experiments
To measure the generation of free radicals in a cell- 

free system a chemiluminescence method was used (VI).
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Measurements were performed in the tritium channel of 
a liquid-scintillation spectrometer with the coincidence 
function turned off (Webb et al., 1974; Hodgson & Fridovich,
1975). The reagents were mixed in Hepes-buffered Krebs- 
Ringer solution (pH 7.4). All measurements were performed 
in the dark with the room lights turned off. Compounds 
tested for inhibitory effects on the alloxan-induced 
chemiluminescence were added immediately before alloxan. 
Chemiluminescence was then recorded for 30 s.

Statistics
The P values given indicate the degree of significance 

obtained in two-tailed Student's t-test. Wilcoxon's rank 
sum test (two-tailed) for paired data were used in some 
articles (III, IV). The level for rejecting the null 
hypothesis of zero effect was taken to be 0.05 throughout.
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RESULTS AND DISCUSSION

Trypan Blue exclusion as a marker of damage to islet cells
Staining of isolated islet cells in suspensions which 

had been subject to alloxan treatment proved to be an easy 
and seemingly accurate method for estimating the islet 
cell viability (I, II). Cells classified as stained or 
unstained by mere inspection showed only a negligible 
overlap in objectively measured nuclear absorbances. The 
lowest nuclear extinction at which cells subjectively 
could be classified as stained was A = 0.10 (I, II).

When measuring unstained cells spectrophotometrically, 
it was observed that they exhibited a lower absorbance 
than the surrounding staining medium. Thus, it was con
firmed that those cells excluded the dye. A high linear 
correlation excisted between the extracellular dye con
centration and the degree of cellular exclusion of dye
(II). If the molar extinction of the dye solution is known 
the technique might be used to calculate the diameter of 
viable cells.

On accumulation of the dye in the stained cells, the 
spectrum of the dye in cell nuclei was red-shifted. The 
binding of Trypan Blue to histones, sperm nuclei and 
albumin was also associated with a red-shift as analyzed 
by ordinary spectrophotometry. Such experiments with 
purified DNA failed to demonstrate any red-shift of the 
Trypan Blue spectrum (I). It was therefore concluded
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that Trypan Blue probably binds to basic proteins in 
the stained islet cell nuclei. A Scatchard plot of the 
dye absorption curve did not reveal binding of the dye 
to more than one class of sites in the nucleus (II).

Nuclear uptake of the dye was a saturable process 
reaching maximum at around 0.1 % (w/v) of dye. This dye 
concentration was found to be non-toxic and was used in 
the following studies (II, III).

The cytotoxicity of a high Trypan Blue concentration 
was counteracted by adding albumin to the medium (II). 
Trypan Blue apparently bound to albumin to such an extent 
as to decrease the concentration of the dye to non-toxic 
levels. The presence of albumin also decreased the absorp
tion of the dye by the stained islet cells. The effect of 
albumin on viability was marginal in the presence of 4 % 
albumin although the cell suspensions generally inhibited 
a higher viability than at a lower albumin concentration. 
Thus, precautions have to be taken when using the Trypan 
Blue exclusion technique for estimating cell viability in 
the presence of dye-binding proteins.

When alloxan was added to a suspension of islet cells 
in the presence of Trypan Blue the number of cells that 
excluded the dye rapidly decreased. This result shows that 
alloxan increases the permeability of islet cell plasma 
membranes. Stained alloxan-treated cells also exhibited a 
greater absorption of dye than stained untreated control 
cells (II), suggesting that there was a perturbation of
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the chromatin in cells dying from alloxan treatment.
When treating cell suspensions with a highly diabeto

genic dose of streptozotocin within 1 h there was neither 
an increased absorption of the dye in stained cells, nor 
any sign of an increased proportion of stained cells. This 
lack of an acute response suggests that streptozotocin 
differs from alloxan in not inflicting an early damage 
to the ß-cell plasma membrane. The Trypan Blue method 
appears less suitable for estimating effects of strepto
zotocin in islet cell suspensions.

Different effects on Trypan Blue uptake were also 
encountered with N-ethylmaleimide (NEM) and chloromercuri- 
benzene-p-sulphonic acid (CMBS) (II). Stained CMBS-treated 
cells did not exhibit an increased Trypan Blue uptake as 
compared with stained control cells. NEM-treated cells, 
however, resembled alloxan-treated cells in exhibiting a 
greater nuclear light absorbance than the stained control 
cells. This difference is compatible with the view that 
CMBS is a poorly permeating reagent with a marked ability 
to react with thiol groups in plasma membranes and so to 
increase their permeability (Heilman et ad., 1973).

Alloxan and free radicals in vitro and in vivo
Cell-free experiments In vitro (VI; Lagercrantz & 

Yhland, 1963) suggest that reduced glutathione (GSH), but 
not the oxidized form (GSSG), or pyridine nucleotides 
reduce alloxan to dialuric acid. Another indicator of the
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ability of reduced thiol groups to reduce alloxan is the 
fact that in the presence of alloxan and luminol we 
observed chemiluminescence catalyzed by low concentrations 
of thioredoxin (Grankvist, Holmgren, Luthman & Täljedal, 
cited in Täljedal, 1981).

In the presence of molecular oxygen and a reductant, 
alloxan and dialuric acid constitute a reduction-oxidation 
cycle that produces (Lagercrantz & Yhland, 1963;
Cohen & Heikkila, 1974). Extremely reactive hydroxyl radi
cals (Anbar & Neta, 1967; Dorfman & Adams, 1973) may in 
principle be formed from the reduction of by 0 *̂
(Haber & Weiss, 1934):

H 2 ° 2  + ° 2  * ”  > 0 H ’ + 0 H ~ + ° 2

or by Fe^+ (Fenton reaction):
H202 + Fe2 + -----------> OH’ + OH- + Fe3 +

At physiological pH, the Haber-Weiss reaction may not 
proceed directly but as an overall reaction requiring the 
catalytic participation of transitional metals such as 
iron (Cohen, 1977; Halliwell, 1978; Czapski & Ilan, 1978; 
Koppenol et al., 1978; Halliwell et al., 1980); 0 *̂ is 
then viewed as a reductant of Fe^+ formed in the Fenton 
reaction. Protection experiments with radical scavengers 
in vivo suggest that the hydroxyl radical is the damaging 
agent in alloxan-induced diabetes (Heikkila et al., 1974, 
1976; Heikkila, 1977; Tibaldi et al., 1979; Heikkila & 
Cabbat, 1978, 1980, 1981). However, considering the many 
uncontrollable factors associated with whole-body experi-
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ments the evidence from such experiments is not entirely
compelling (e.g. Schauberger et al., 1977).

86 +Alloxan strongly inhibited both the Rb accumulation 
in isolated islets and the Trypan Blue exclusion by dis
persed islet cells (I-IV). The role of free radicals in 
the reactions of alloxan _in vitro and in vivo was indicated 
by the ability of superoxide dismutase, catalase and 
scavengers of hydroxyl radicals to inhibit alloxan cyto
toxicity (III;V) and by such agents to inhibit alloxan- 
induced luminol chemiluminescence in a cell-free system 
(VI). A condition for the free radical generation seemed 
to be the presence of certain reduced agents (VI) as well 
as metal ions in the reaction (IV, VI). Urea, which has a 
low reactivity towards hydroxyl radicals, had no protective 
effect against alloxan (III, VI). The observed relationship 
between the protection by hydroxyl radical scavengers and 
the known reactivity of the scavengers with hydroxyl 
radicals supports the hypothesis that hydroxyl radicals 
mediate the cell-damaging action of alloxan.

Experiments with DETAPAC and Fe-EDTA indicate that 
metal-ion catalysts are required for alloxan to inhibit 
Rb+ accumulation in vitro and that islet tissue contains 
enough endogenous metal-ion catalysts to yield a maximum 
toxic response (IV). Similarly, the presence of iron 
chelator or the omission of FeSO^ in the chemiluminescence 
system almost abolished the radical production (VI).
That the Fenton reaction alone does not seem to be
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sufficient explanation of the generation of hydroxyl radi
cals is indicated by the protective, rather than worsening, 
effect of superoxide dismutase in vitro as well as in vivo 
(III, V). As the enzyme dismutates 0^* to H2°2' suPeroxide 
dismutase could have promoted rather than prevented the 
formation of hydroxyl radicals unless the superoxide 
radicals were playing the role indicated by the overall 
Haber-Weiss reaction.

Although copper ions have also been reported to 
catalyze the Haber-Weiss reaction in some other systems 
(VanHemmen & Meuling, 1977), Cu^+ caused only an additive 
cytotoxic effect when added to islets together with alloxan 
(IV). In the cell-free luminescence system (VI) Cu^+ 
inhibited the luminescence. The effects of hexoses and 
methylxanthines on alloxan cytotoxicity and alloxan- 
induced chemiluminescence indicate that these agents 
somehow interferred with the production of free radicals 
(III, VI).

The results on the role of radicals reported in the 
present thesis conform well with the parallel but independ
ent work of others on superoxide dismutase, catalase, and 
metal ion chelators as protectors against alloxan-induced 
inhibition of insulin release (Fischer & Hamburger, 1980, 
1981). They also conform with the observation in vivo 
that alloxan diabetes is protected against by vitamin E 
(Slonim et al., 1980).
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Alloxan increases the permeability of mouse islet cells
Studies on fish islets indicate that alloxan damages 

islet cell membranes by reacting with membrane thiols, 
thereby increasing the permeability to mannitol (Watkins 
& Cooperstein, 1 976; Cooperstein & Watkins, 1 978) . In 
contrast, it has been difficult to demonstrate an effect 
of alloxan on the mannitol space in rat islets (McDaniel 
et al. , 1975). The present results indicate that Trypan 
Blue exclusion is due to a diffusion barrier at the plasma 
membrane level in the islet cells (II). Trypan Blue 
appears to have certain advantages over several other 
indicators of plasma membrane permeability (L-glucose, 
sucrose and mannitol) in being monitored in a simple way 
(visual inspection only) and in accumulating to an easily 
observed degree in stained cells (II, III). It is clear 
from the present results that alloxan rapidly increases 
the permeability of mouse islet cells. It seems also very 
likely that alloxan exerts its primary damaging action 
at the plasma membrane level. In support of this inter
pretation, mannitol is an extracellular space marker in 
isolated islets. Yet, the compound protects against alloxan 
diabetogenicity, probably by scavenging hydroxyl radicals
(III). As hydroxyl radicals are extremely reactive and 
shortlived in biological systems, their ability to trans
verse an intact plasma membrane must be extremely limited.

The protection against alloxan action by such big 
molecules as superoxide dismutase and catalase, which
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probably do not readily penetrate the plasma membrane, 
also supports the theory of the plasma membrane as the 
primary site of alloxan action (III,V). Thus, the effects 
caused by alloxan on intracellular organelles and functions 
probably occur after the plasma membrane has already been 
damaged. This does not mean that all the intracellular 
alterations necessarily follow from the initial increase 
of the plasma membrane permeability.

What makes the 3-cell especially sensitive to alloxan?
It is not quite clear why the insulin-secreting 

3-cells are particularly sensitive to alloxan. Attention 
has been paid (III) to their unusually effective system 
for transport of D-glucose (Heilman et al., 1971, 1974 a), 
which might provide an entrance for the drug, and to the 
possible role of membrane-located redox processes in the 
control of insulin secretion (Heilman et al., 1974 b); 
perhaps 3-cells are more effective than other cells in 
capturing and reducing alloxan.

Moreover, there are some factors which may favour 
the alloxan-induced accumulation of free radicals in 
these cells. Thus, 3-cells appear to have a high concentra
tion of reduced thiol groups (Havu, 19 69) and a high 
activity of glutathione reductase (Berne, 1975), to 
possess only moderate engodenous activities of the enzymes 
superoxide dismutase, catalase and glutathione peroxidase 
(Grankvist et al., 1981), and to possess sufficient amounts 
of metal ions as catalysts on the cell surface (IV).
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Free radicals, experimentally generated by xanthine 
oxidase/hypoxanthine increases the permeability of 
isolated islet cells to Trypan Blue (Grankvist, 
unpublished results) . In a recent study (Tsubouchi et al., 
1981), x-ray irradiation of hamsters caused a fairly 
selective necrosis of the islet cells. It seems therefore 
possible that these cells are especially sensitive to 
the toxicity of free radicals.

Free radicals in human diabetes?
As the present thesis work strongly supports the notion 

that experimental diabetes can result from the generation 
of free radicals in the pancreatic islets the question 
finally arises whether free radicals may also be involved 
in the induction of human diabetes. Alloxan is probably not 
a naturally occuring substance in humans (Rerup, 1970). 
Alloxan-like naturally occuring agents such as uric acid 
and ascorbic acid derivatives have sometimes been claimed 
to induce diabetes (Rerup, 1970). Certain derivatives of 
uric acid are highly diabetogenic in experimental animals 
(Poje & Rocic, 1980). The outbreak of human diabetes is 
often accompanied by infiltration of the islets with 
inflammatory cells. These are typically lymphocytes, but 
a dominance of granulocytes has occasionally been seen 
(Gepts & LeCompte, 1981). Non-lymphocyte inflammatory 
cells release considerable amounts of * into the tissues 
(DelMaestro et al., 1980).
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Against this background it might be worthwhile 
testing superoxide dismutase and other scavengers of 
free radicals for antidiabetogenic properties in humans.
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GENERAL CONCLUSIONS

From the results of these thesis studies it is 
proposed that:

1. The Trypan Blue exclusion test is a simple and valid
method for estimating viabilities of isolated cells
exposed to alloxan.

2. The primary site of alloxan action in the 3-cells is
at the plasma membrane level. As evidence for this,
extracellularly located agents protect against the
alloxan effects as measured by Trypan Blue exclusion

8 6in suspensions of islet cells and by Rb-accumulation
in isolated whole islets.

3. Free radicals mediate the noxious effects of alloxan
in vitro. These effects are dependent on an iron- 
catalyzed formation of hydroxyl radicals from hydrogen 
peroxide and superoxide anion radicals (Haber-Weiss 
reaction).

4. Superoxide anion radicals participate in mediating
the diabetogenic effect of alloxan in vivo. The
diabetogenicity of alloxan can be prevented by in
jection of long-time circulating superoxide dismutase 
several hours on beforehand.
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5. As other chemical agents may produce diabetes, and 
radical production may accompany inflammation of the 
islets, the effects of superoxide dismutase and other 
scavengers of radicals should be tested also in other 
forms of diabetes.
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