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Summary. We have previously reported that oxygen free 
radical scavengers protect rat islet cells from damage by cyto- 
kines and we interpreted these findings as suggesting the in- 
volvement of oxygen free radicals but did not directly 
measure indices of free radical activity. In this study, we re- 
port on malondialdehyde, an end product of lipid peroxida- 
tion, in rat islets incubated witlh cytokines. The individual cy- 
tokines, interleukin 1 (1 U/ml), tumour necrosis factor 
(102 U/ml), and interferon gamma (102 U/ml) inhibited in- 
sulin release but did not increase islet matondialdehyde le- 
vels. Combination of these cytokines however, produced sig- 
nificant increases in islet malondialdehyde and this was 

accompanied by islet necrosis. Furthermore, an inhibitor of 
lipid peroxidation, U78518E, significantly decreased the cy- 
tokine-induced increase in islet malondialdehyde and pro- 
tected islet Beta cells from destruction by the cytokine com- 
bination of interleukinl,  tumour necrosis factor and 
interferon gamma. These findings suggest that the cytotoxic 
action of cytokines on islet Beta cells may result from free 
radical production and lipid peroxidation in the islet cells. 

Key words: islet Beta cells, oxygen free radicals, cytokines, 
interleukin 1, tumour necrosis factor, interferon gamma. 

A variety of mononuclear  cells of the immune system - 
T lymphocytes, macrophages, and natural killer cells, 
have been implicated in the islet Beta cell destruction as- 
sociated with Type 1 (insulin-dependent) diabetes melli- 
tus. It is not known, however, how these cells may mediate 
their islet Beta  cell destructive effects. Effector  mechan- 
isms mediating islet Beta  cell injury may involve direct 
contacts between immunologic cells (effectors) and islet 
Beta cells (targets), and/or may result from the release of 
soluble mediators by the effector cells. 

Polypeptides (cytokines) produced by activated cells of 
the immune system are candidate molecules for the media- 
tion of islet Beta  cell autoimmune injury. Interleukin 1 (IL- 
l),  a cytokine product of activated macrophages and natu- 
ral killer cells, was the first cytokine reported to inhibit 
insulin release and/or to be cytotoxic to islets in vitro [1]. 
Subsequently, additional cytokine products of macro- 
phages - tumour necrosis factor (TNF) and intefleukin 6, 
and cytokines produced by T lymphocytes - interferon 
gamma (IFN-~ ') and lymphotoxin, have been reported to 
impair insulin secretion and/or to destroy islet cells [2-5]. 

Mechanisms of cytokine-induced islet Beta  cell injury 
are under active imTestigation [6, 7]. In a previous report, 
we obtained indirect evidence for involvement of oxygen 
free radicals in cytokine-mediated islet cell damage by 

using oxygen free radical scavengers to protect  islet cells 
from damage by cytokines [8]. In the present study, we 
sought to obtain more direct evidence for oxygen free 
radical involvement in cytokine-mediated islet Beta  cell 
destruction. 

Materials and methods  

Studies with whole islets' 

Pancreatic islets were isolated by collagenase digestion from adult 
Wistar-Furth rats (Charles River Canada, St. Constant, Quebec, Ca- 
nada). The islets were incubated at 37 °C in a humidified atmosphere 
of 95 % air and 5 % CO2, and maintained in free-floating culture in 
RPMI 1640 medium (Gibco Laboratories, Grand Island, NY, USA) 
containing 10 % (volume/volume) heat-inactivated fetal calf serum 
(Gibco), 11 retool/1 glucose, 100 U/ml penicillin, 100 gg/ml strepto- 
mycin, 20gg/ml amphotericinB, and 10retool/1 HEPES buffer 
(complete medium). Experimental additions to the islets were made 
after 5 clays of we-incubation in complete medium. 

Groups of 800-1200 islets were incubated at 37°C for 20 to 80 h 
in 2.7 ml fresh complete medium with and without test substances in 
35 x 10 mm Falcon tissue culture dishes (Becton Dickinson Labora- 
tories, Lincoln Park, NJ, USA). Medium was collected for determi- 
nation of insulin content by radioimmunoassay, using rat insulin 
standards and a kit (Pharmacia Fine Chemicals, Uppsala, Sweden). 
The islets were washed by centrifugation 3 times in Dulbecco's phos- 
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Fig.l, ~I~me-course effects of the cytokine combination of inter- 
leukin 1 (IL-1,1 U/ml), tumour necrosis factor (TNF, 102 U/ml), and 
interferon gamma (IFN-y, 102 U/ml) on malondialdehyde (MDA) 
levels in rat islets. Islets were incubated in medium without (©) and 
with (O) cytokines. Values are means _+ SEM for five experiments. 
* p < 0.05, ** p < 0.01 vs control (cytokine-free) islet incubations 

phate-buffered saline (Gibco). An aliquot was taken for assay of 
protein by the BCA (bicinchoninic acid) method (Pierce, Rockford, 
Ill., USA), and the malondialdehyde (MDA) content of the remain- 
ing islets was measured by the thiobarbituric acid reaction method 
[9]. In some experiments, islet MDA was measured by an ion-pairing 
high-performance liquid chromatography (HPLC) method [10]. 

Studies with islet cell monolayers 

Islets were isolated, dissociated into single cells, and islet cell mono- 
iayer cultm'es were prepared in 96-welt, half-area tissue culture 
plates (Costar, Cambridge, Mass., USA) by methods previously de- 
scribed [4]. 

For islet cell cytotoxicity studies, the monolayers were labelled 
by addition of 1 gCi S~Cr sodium chromate (Dupont, Wilmington, 
Del., USA) to 170 gl complete medium per well. The plates were in- 
cubated at 37°C for 24 h, then washed 4 times, reincubated for 
4 days in ~Cr-free complete medium, and washed again 4 times. Test 
substances were added to the islet monolayers in complete medium 
(170 gl/wei1 in quadruplicate) and the plates were incubated at 37 °C 
for 4 days. An aliquot (100 gl) of supernatant medium was collected 
from each well and counted in a gamma counter. Percent specific ceil 
lysis (cytotoxicity) was calculated as 100 % x (test medium cpm - 
spontaneous cpm)/(total cpm - spontaneous cpm). Spontaneous re- 
lease of S~Cr was measured in wells incubated in medium alone and 
this was Iess than 15 % of total 5~Cr release, measured by dissolving 
the cells in 4 % Triton X-100 for 16 h. 

To determine if cytotoxic or protective effects of agents on islet 
cells included Beta cells, test substances were added to unlabelled 
islet cell monolayers in complete medium and the plates were incu- 
bated at 37°C for 4 days. The monolayers were then washed 4 times 
and reincubated in fresh complete medium free of test substances for 
3 days. This procedure was repeated, then the cells were washed in 
complete medium and extracted in acid-ethanol (75 % ethanol, 
1.5 % 12 mmol/1HCI, and 23.5 % H I t )  for assay of insulin content. 

Cytokines and chemicals 

Recombinant human IL-l[3 (2-4 x 107 U/mg) was kindly provided 
by The Upjohn Co. (Kalamazoo, Mich., USA), recombinant human 
TNF-c~ (6 × t07 U/rag) and recombinant murine IFN-y 

A. Rabinovitch et at.: Cytokines induce islet lipid peroxidation 

(8 x 106 U/rag) were kindly provided by Genentech (South San 
Francisco, Calif., USA). U78518E (kindly provided by The Upjohn 
Co.) is one of a novel class of antioxidants that are potent inhibitors 
of iron-dependent lipid peroxidation and protect against traumatic 
and ischaemic tissue damage [11]. U78518E was dissolved in meth- 
anol in a stock concentration of 10 mmol/1, then diluted in complete 
medium immediately before addition to the islet cells. Tert-butylhy- 
droperoxide (t-BOOH) (Sigma, St.Louis, Mo., USA) was freshly 
prepared in distilled water and diluted in complete medium immedi- 
ately before use. 

Statistical analysis 

Data are presented as means +_ SEM, and statistical analyses were 
done with Student's two-tailed t-test for paired data. 

Results  

The  t ime-course  effects of  the combina t ion  of  IL-1 
(1 U/ml),  T N F  (102 U/ml),  and IFN-y  (102 U/ml)  on islet 
levels of  the lipid peroxidat ion end product ,  M D A ,  are 
shown in Figure  1. Since this cytokine  combina t ion  is cy- 
tolytic to islet cells, causing a decrease  in islet cell mass, 
M D A  levels are  expressed per  gg islet protein.  Increases  
in islet M D A  were  significant at 40 h (p < 0.05), 60 h 
(p < 0.0t),  and 80 h (p < 0.01) of  incubat ion with the cyto- 
kines. 

The  effects of  individual cytokines,  and of  the cytokine 
combinat ion,  were  then examined  in a 60 h incubat ion 
(Table 1). This shows that  IL-1, TNF, and IFN-y, as single 
agents,  significantly inhibited insulin release, whereas  IL-  
2 had no  effect, and the  combina t ion  o f  IL-1, T N E  and 
IFN-?  inhibited insulin release a lmost  completely.  Also,  
only the combina t ion  of  IL-1,  TNF, and I F N - y  was cyto- 
lytic to the islet cells, resulting in a significant decrease  in 
islet protein.  Similarly, only the combina t ion  of  cytokines  
p roduced  a significant increase in M D A  levels in islets. 

To de termine  whe ther  the cytotoxic effects of  cyto- 
kines might  be re la ted to increased peroxidat ion  o f  islet li- 
pids ( increased M D A  levels in islets), we tested an inhibi- 
tor  of  lipid peroxidat ion,  U78518E.  First, we de te rmined  
that  this substance could inhibit  cy tokine- induced in- 
creases in islet lipid peroxidat ion  (Table 2). The  combina-  
t ion o f  IL-1, TNF, and IFN-  7 increased islet M D A  f rom 

Table 1. Effects of cytokines on insulin release, cell protein, and ma- 
londiatdehyde (MDA) levels in rat islets 

Cytokines Insulin t~otein MDA 
(U/ml) (nmol/dish) (gg/dish) (pmol/gg 

protein) 

0 5340 + 195 342 _+ 32 0.64 + 0.09 
IL-1 1.0 1455 + 150 u 338_+ 57 0.59 -+ 0.03 
IL-2 1.0 5310+345 313+-47 0.58_+0.09 
TNF 102 3210+75 a 322+55 0,85-+0.22 
IFN-y 102 2100-+345 a 336+41 0.72+0.15 
IL-11+TNF102+IFN-710 z 630_+90 b 145+32 a 2.00+0.30 a 

Incubation of 800-1000 rat islets was for 60 h in RPMI complete me- 
dium alone (0), and medium with cytokines, added individually and 
in combination as indicated. Values are means + SEM for six experi- 
ments. ~p < 0.01, Up < 0.001 vs corresponding value without cyto- 
kines. IL-1, interleukin 1; IL-2, interleukin 2; TNF, turnout necrosis 
factor; IFN-% interferon gamma 
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Table 2. Effects of a lipid peroxidation inhibitor U78518E on cyto- 
kine-induced increase in malondialdehyde (MDA) in rat islets 

Cytokines MDA 
(U/ml) (pmol/gg protein) 

Without With p 
U78518E U78518E 

0 0.26 + 0.04 0.21 ± 0.02 NS 
IL-11.0 + "IhNF 102 + IFN- 7102 0.70 _+ 0.2P 0.42 ± 0.13" < 0.05 

Incubation of 800-1200 rat islets was for 72 h in RPMI complete me- 
dium alone (0), and medium with the combination of cytokines 
shown, without and with U78518E (5 limol/1). M_DA levels in islets 
were measured by HPLC and mean values + SEM are shown for 
four experiments, p values compare MDA in islets incubated with- 
out and with U78518E. ~p < 0.05 vs corresponding value without 
cytokines. IL-1, interIeukin 1; TNE tumour necrosis factor; IFN-% 
interferon gamma 

0.26 + 0.04 pmol/gg protein to 0.70 + 0.21 pmol/gg protein 
(p < 0.05), and U78518E reduced the cytokine-induced 
increase in M D A  to 0.42 _+ 0.13 pmol/gg protein (p < 0.05 
vs cytokines alone). 

, We then tested U78518E for possible protection of islet 
cells against cytotoxic damage. This lipid peroxidation in- 
hibitor (U78518E) provided similar dose-dependent pro- 
tective effects against the standard oxidant, t-BOOH, and 
the cytokine combination of IL-1, TNF, and IFN-y (Fig. 2). 
Thus, t -BOOH produced 36.6 + 4.1% lysis of islet cells 
and this was reduced to 14.4 + 2.1% (maximum protec- 
tion) by 2.5 gmol/1 U78518E. Similarly, the cytokines 
produced 41.2+3.2% lysis and this was reduced to 
15.2 + 2.0 % lysis (maximum protection) by 5 gmol/1 
U78518E. 

To determine whether the protective effect of 
U78518E against cytokine-induced lysis of islet cells in- 
cluded protection of islet Beta cells, insulin content in the 
islet cell cultures was measured. Table 3 shows that the 
cytokines significantly decreased insulin content in the 
cultures (from 5475 + 825 to 3000 + 310 pmol insulin/well, 
p < 0.05). By contrast, insulin recovered in cells that had 
been incubated with cytokines plus U78518E (4425 + 
375 pmol insulin/well) was significantly greater than in 
cells that had been incubated with cytokines alone 
(3000 + 310 pmol insulin/well, p < 0.05). 

Discussion 

In the present study, we have shown that a cytotoxic com- 
bination of cytokines (IL-1, TNF, and IFN-%') increased le- 
vels of MDA, an end product of lipid peroxidation, in iso- 
lated rat pancreatic islets. Furthermore, an inhibitor of 
lipid peroxidation (U78518E) reduced the cytokine-in- 
duced increase in M D A  levels in islets, and protected islet 
cells from the cytotoxic effects of both the cytokine com- 
bination and a standard oxidant, t-BOOH. The protective 
effect of the lipid peroxidation inhibitor against the cy- 
todestructive effects of the cytokines included protection 
of islet Beta cells. These data suggest that cytokine-in- 
duced cytotoxicity to islet Beta cells is causally related to 
lipid peroxidation events in the islet cells. Since lipid per- 
oxidation is a major mechanism of oxygen free radical tox- 
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icity to cellular organelles and membrane-bound enzymes 
[12], we interpret the present data to implicate oxygen 
free radical-induced lipid peroxidation as a mechanism of 
cytokine-induced cytotoxicity to islet Beta cells. 

Whereas the present study implicates oxygen free radi- 
cals in the cytotoxic (lytic) effects of cytokines on islet 
Beta cells, oxygen free radicals do not appear to be in- 
volved in the inhibitory effects of cytokines on insulin se- 
cretion unaccompanied by cell destruction. Thus, we 
found that all three individual cytokines - IL-1, TNF, and 
IFN- 7 inhibited insulin release significantly, as single 
agents; however islet protein content was not reduced and 
there was no increase in islet lipid peroxidation. These 
findings are in agreement with those of another study 
which found no protective effects of oxygen free radical 
scavengers on IL-l-induced inhibition of insulin release 
[13]. Therefore, inhibition of insulin release by IL-1, or by 
other individual cytokines (TNE IFN-7) does not appear 
to involve oxygen free radical-mediated mechanisms. By 
contrast, the destructive effects to islets of a combination 
of cytokines does appear to involve oxygen free radical 
production, as we have previously suggested by using 
oxygen free radical scavengers [8], and as supported by 
this study in which we have detected increased lipid per- 
oxidation in islets incubated with a cytodestructive combi- 
nation of cytokines. 

The cytokines IL-1, TNF, and IFN- 7 have been re- 
ported to stimulate oxygen free radical production during 
the respiratory burst in a variety of cell types, such as mac- 
rophages [14], and polymorphonuclear leucocytes [15] in 
association with host defence against microorganisms and 
tumours. Stimulation of oxygen free radical production in 
pancreatic islet cells, however, might be expected to have 
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Fig.2. Dose-dependent protective effects of the lipid peroxidation 
inhibitor U78518E on rat islet cell lysis produced by the cytokine 
combination ( • )  of interleukin I (IL-1, 1 U/ml), tumour necrosis 
factor (TNF, 102 U/ml), and interferon gamma (IFN-7, 102 U/ml), 
and by the oxidant, tert-butylhydroperoxide (t-BOOH, 0.1 mmol/1, 
• ) during 4-day incubations of islet cell monolayers. Cell lysis in in- 
cubations with U78518E alone are shown as (©). Values are means 
_+SEM for five experiments. *p <0.05, **p <0.02, ***p <0.01 
vs no U78518E inhibitor 
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Table 3. Effects of a lipid peroxidation inhibitor U78518E on cyto- 
kine-induced decrease in insulin content in rat islet cells 

Cytokines Insulin content 
(U/ml) (pmol/well) 

Without With p 
U78518E U78518E 

0 5475±825 5040+540 NS 
IL-11.0+TNF102+IFN-7102 3000±310" 4425±375 <0.05 

Rat islet cell monolayel- cultures were incubated for 4 days in RPMI 
complete medium alone (0), and medium with the combination of 
cytokines shown, without and with U78518E (5 gmol/1). The mono- 
layers were then washed 4 times and re-incubated in fresh medium 
free of cytokines and U78518E for 3 days. This procedure was re- 
peated, then the cells were washed in complete medium and ex- 
tracted in acid-ethanol for assay of insulin content. Mean values + 
SEM are shown for four experiments, p values compare insulin in 
cellsincubatedwithout and with U78518E. "p < 0.05 vs correspond- 
ing value without cytokines. IL-1, interleukin 1; TNF, tumour ne- 
crosis factor; IFN-y, interferon gamma 

lethal consequences to islet cells since these cells possess 
very low free radical scavenging enzyme activities [16,17], 
and are extremely vulnerable to free radical-induced in- 
jury [ 1 7 1  . 

The mechanisms by which cytokines might stimulate 
oxygen free radical product ion in pancreatic islets are un- 
known. Cytokine-induced oxygen free radicals are pri- 
marily products of arachidonic acid metabol ism in many  
cell types, and we have observed that inhibitors of  arachi- 
donic acid metabol ism can protect  islet cells f rom the cyto- 
toxic effects of T N F  and IFN-7 [18]. These data implicate 
arachidonate metaboli tes  (eicosanoids) in cytokine-in- 
duced islet cell injury. Fur thermore,  increased metabol ism 
of arachidonic acid can give rise to free radical intermedi- 
ates, and free radicals, in turn, can regulate arachidonic 
acid metabol ism and amplify eicosanoid synthesis [19]. 

Whereas  lipid peroxidat ion is commonly  regarded as 
the consequence of oxygen free radical-mediated injury, 
ni trogen-centred free radicals may also contribute to lipid 
peroxidation [20]. The possibility that nitrogen free radi- 
cals may be involved in cytokine actions on islet cells is 
supported by a recent repor t  that  IL-1 and TNF-induced 
inhibition of insulin release f rom islets in vitro involved 
the nitrogen free radical, nitric oxide [21]. In addition, ac- 
t ivated macrophages  have been repor ted to kill islet cells 
in vitro via nitric oxide generation [22]. 

Evidence exists to suggest involvement  of oxygen free 
radicals in immune-media ted  damage  to islet Beta  cells 
in vivo. Thus, desferrioxamine, an inhibitor of hydroxyl 
radical formation,  and nicotinamide, a poly (ADP-ri-  
bose) synthetase inhibitor and a weak free radical 
scavenger, protected islet cells f rom immune destruction 
in allograft rejection and in low-dose STZ-induced in- 
sulitis [23]. Also, t rea tment  of spontaneously diabetic 
non-obese mice with nicotinamide and desferrioxamine 
[24], or with superoxide dismutase [25], protected islet 
grafts f rom immune damage and consequent  recurrence 
of diabetes. In addition, we have found recently that  the 
lipid peroxidation inhibitor (U78518E) which protected 
rat islets f rom the cytotoxic effects of cytokines in the 
present  study in vitro, also prevented  the development  of 
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diabetes in non-obese mice in vivo (unpublished observa- 
tion). We are presently investigating whether  the protec- 
tive effects of  U78518E against diabetes development  in 
vivo might be through interference with cytokine-in- 
duced oxygen free radical production and lipid peroxida- 
tion events in islet cells, as suggested by the present  study 
with U78518E in vitro. 

Acknowledgements. This work was supported by grants from the Al- 
berta Heritage Foundation for Medical Research, and the Muttart 
Diabetes Research and Training Centre at the University of Alberta. 

References  

1. Bendtzen K, Mandrup-Poulsen T, Nerup J, Nielsen JH, Dinarel- 
lo CA, Svenson M (1986) Cytotoxicity of human pI7 interleukin- 
i for pancreatic islets of Langerhans. Science 232:1545-1547 

2. Mandrup-Poulsen T, Bendtzen K, Dinarelto CA, Nerup J (1987) 
Human tumor necrosis factor potentiates human interleukin 1- 
mediated rat pancreatic [3-cell cytotoxicity. J Immuno1139: 407% 
4082 

3. Campbell IL, Iscaro A, Harrison LE (1988) IFN~ 7 and tumour 
necrosis factor-c~. Cytotoxicity to murine islets of Langerhans. J 
Immuno1141: 2325-2329 

4. Pukel C, Baquerizo H, Rabinovitch A (1988) Destruction of rat 
islet cell monolayers by cytokines: synergistic interactions of in- 
terferon-y, tumour necrosis factor, lymphotoxin, and inter- 
leukin 1. Diabetes 37:133-136 

5. Sandler S, Bendtzen K, Eizirik DL, Welsh M (1990) Interleukin- 
6 affects insulin secretion and glucose metabolism of rat pancre- 
atic islets in vitro. Endocrino1126:1288-1294 

6. Mandrup-Poulsen T, Helqvist S, Molvig J, Wogensen LD, Nerup 
J (1989) Cytokines as immune effector molecules in autoimmune 
endocrine diseases with special reference to insulin-dependent 
diabetes mellitus. Autoimmunity 4:191-218 

7. Sandler S, Eizirik DL, Svensson C, Strandell E, Welsh M, Welsh 
N (1991) Biochemical and molecular actions of interleukin-1 on 
pancreatic B-cells. Autoimmunity 10:241-253 

8. Sumoski W, Baquerizo H, Rabinovitch A (1989) Oxygen free 
radical scavengers protect rat islet cells from damage by cyto- 
kines. Diabetologia 32:792-796 

9. Buege JA, Aust SD (1978) Lipid peroxidation. In: Packer L, FIei- 
scher S (eds) Methods in enzymology, Vol. 51. Academic Press, 
New York, pp 324-342 

10. Bull AW, Marnett LJ (1985) Determination of malondialdehyde 
by ion-pairing high-performance liquid chromatography. Anal 
Biochem 149:284-290 

11. Braughler JM, Pregenzer JF, Chase RL, Duncan LA, Jacobsen 
E J, McCall JM (1987) Novel 21-amino steroids as potent inhibi- 
tors of iron-dependent lipid peroxidation. J Biol Chem 262: 
10438-10440 

12. Slater TF (1984) Free radical mechanisms in tissue injury. 
Biochem J 222:1-15 

13. Sandier S, Bendtzen K, Borg LAH, Eizirik DL, Strandetl E, 
Welsh N (1989) Studies on the mechanisms causing inhibition of 
insulin secretion in rat pancreatic islets exposed to human inter- 
leukin-l[3 indicate a perturbation in the mitochondrial function. 
Endocrino1124:1492--1501 

14. Nathan CF, Tsunawaki S (1986) Secretion of toxic oxygen pro- 
ducts by macrophages: regulatory cytokines and their effects on 
the oxidase. Ciba Found Syrup 118:211-230 

15. Berton G, Zeni L, Cassatelta MA, Rossi F (1986) Gamma inter- 
feron is able to enhance the oxidative metabolism of human neu- 
trophils. Biochem Biophys Res Commun 138:1276-1282 

16. Asayama K, Kooy NW, Burr IM (1986) Effect of vitamin E defi- 
ciency and selenium deficiency on insulin secretory reserve and 
free radical scavenging systems in islets: decrease of islet manga- 
nosuperoxide dismutase. J Lab Clin Med 107:459--464 



A. Rabinovitch et al.: Cytokines induce islet lipid peroxidation 

17. Malaisse WJ, Malaisse-Lagae F, Sener A, Pipeleers DG (1982) 
Determinants of the selective toxicity of alloxan to the pancreatic 
13 cell. Proc Natl Acad Sci USA 79:927-930 

18. Rabinovitch A, Baquerizo H, Sumoski W (1990) Cytotoxic ef- 
fects of cytokines on islet 13-cells: evidence for involvement of ei- 
cosanoids. Endocrino1126: 67-71 

19. Marshall P J, Lands WEM (1986) In vitro formation of activators 
for prostaglandin synthesis by neutrophils and macrophages 
from humans and guinea pigs. J Lab Clin Med 108:525-532 

20. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA 
(1990) Apparent hydroxyl radical production by peroxynitrite: 
implications for endothelial injury from nitric oxide and super- 
oxide. Proc Natl Acad Sci USA 87:1620-1624 

21. Southern C, Schulster D, Green IC (1990) Inhibition of insulin 
secretion by interleukin-1 13 and tumour necrosis factor-c~ via an 
L-arginine-dependent nitric oxide generating mechanism. FEBS 
Letters 276:42-44 

22. Kroncke KD, Kolb-Bachofen V, Berschick B, Burkart V, Kolb H 
(1991) Activated macrophages kill pancreatic syngeneic islet 
cells via arginine-dependent nitric oxide generation. Biochem 
Biophys Res Commun 175:752-758 

413 

23. Mendola J, Wright JR, Lacy PE (1989) Oxygen free-radical 
scavengers and immune destruction of murine islets in allograft 
rejection and multiple low-dose streptozotocin-induced insulitis. 
Diabetes 38:379-385 

24. Nomikos IN, Prowse S J, Carotenuto P, Lafferty KJ (1986) Com- 
bined treatment with nicotinamide and desferrioxamine pre- 
vents islet allograft destruction in NOD mice. Diabetes 35:1302- 
1304 

25. Nomikos IN, Wang Y, Lafferty KJ (1989) Involvement of 02 
radicals in autoimmune diabetes. Immunol Cell Bio167:85-87 

Received: 31 October 1991 
and in revised form: 20 December 1991 

Dr. A. Rabinovitch 
430 Heritage Medical Research Centre 
University of Alberta 
Edmonton, Alberta T6G 2S2 
Canada 


