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INTRODUCTION 

Ever s i n c e  t h e  d iscovery  t h a t  a l l o x a n  causes  a s e l e c t i v e  B-cell n e c r o s i s  i n  

t h e  i s l e t s  of Langerhans (7,8), t h i s  drug has  been of g r e a t  i n t e r e s t  i n  d iabe to-  

l o g i c  research .  F i r s t l y ,  a l l o x a n  has been v i d e l y  used t o  induce d i a b e t e s  i n  la- 

b o r a t o r y  animals  i n  o r d e r  t o  i n v e s t i g a t e  t h e  complicat ions of t h e  d i s e a s e .  Sec- 

ondly,  much work has been performed on t h e  e f f e c t s  of t h e  drug on t h e  islets 

themselves. The a i m  of t h e s e  e f f o r t s  has been t o  advance o u r  knowledge on t h e  

mode of  a c t i o n  of a l l o x a n  on t h e  i s le t  B-cells and e l u c i d a t e  f u r t h e r  t h e  problem 

of i n s u l i n  product ion.  The l a t t e r  t y p e  of s tudy assumes a d i r e c t  e f f e c t  of t h e  

drug on t h e  i s le ts  u l t i m a t e l y  l e a d i n g  t o  n e c r o s i s .  I n  v i v o ,  such a d i r e c t  e f f e c t  

was demonstrated e l e g a n t l y  by Bo Hellman i n  h i s  very  f i r s t  work on t h e  i s l e t s  of 

Langerhans (22 ) .  I n  v i t r o ,  i s o l a t e d  i s l e t s  of Langerhans, exposed t o  a l l o x a n  and 

subsequent ly  maintained i n  t i s s u e  c u l t u r e ,  show conspicuous s t r u c t u r a l  s i g n s  of 

damage i n  a d d i t i o n  t o  a decrease  i n  metabol ic  capac i ty  (10) .  These s t r u c t u r a l  

derangements depend on t h e  glucose c o n c e n t r a t i o n  of t h e  c u l t u r e  medium (Borg, 

unpublished o b s e r v a t i o n s ) .  However, i t  i s  f a r  from clear t h a t  t h e  e f f e c t s  of al- 

loxan on t h e  s t r u c t u r e  of t h e  i s l e t s  precede t h e  f u n c t i o n a l  d e t e r i o r a t i o n  caused 

by t h e  drug. The primary a c t i o n  of a l l o x a n  on t h e  i s l e t s  of Langerhans may ra- 

t h e r  be on t h e i r  f u n c t i o n a l  machinery. In  experiments w i t h  i s o l a t e d  per fused  ra t  

pancreas (35) and p e r i f u s e d  i s o l a t e d  i s le t s  ( 3 0 , 4 0 )  it has  been shown t h a t  al-  

loxan produces an e a r l y  monophasic i n s u l i n  response and induces an  i r r e v e r s i b l e  

i n h i b i t i o n  of s e c r e t i o n .  These f i n d i n g s  have l e d  t o  a hypothes is  sugges t ing  t h a t  

a l l o x a n  could be recognized by a B-cell g lucoreceptor ,  which i n i t i a t e s  i n s u l i n  

release ( 3 8 , 4 0 ) .  Against t h i s  background it seems j u s t i f i e d  t o  a s k  why a l l o x a n  

does not  s t i m u l a t e  i s l e t  i n s u l i n  s e c r e t i o n  cont inuously.  

To make p o s s i b l e  a d e t a i l e d  i n v e s t i g a t i o n  of t h e  a c u t e  B-cytotoxic a c t i o n  of 

a l l o x a n  w e  have e s t a b l i s h e d  an  i n  v i t r o  model system based on i s o l a t e d  islets of 

Langerhans from normal mice. Using t h i s  system w e  have s t u d i e d  i n s u l i n  s e c r e t i o n  

and c e r t a i n  a s p e c t s  of plasma membrane f u n c t i o n  and c e l l  metabolism i n  i s l e t s  

t r e a t e d  w i t h  t h e  drug. 
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MET HODS 

I s o l a t e d  i s l e t s  of Langerhans were prepared from a d u l t  male NMRI-mice by a 
col lagenase  (E.C. 3 . 4 . 2 4 . 3 )  d i g e s t i o n  method ( 2 5 ) .  The i s l e t s  w e r e  exposed t o  a l -  

loxan a t  4 OC.  The incubat ion  medium c o n s i s t e d  of 2 m o 1 / 1  a l l o x a n  monohydrate 

i n  a phosphate b u f f e r  ( 2 8 ) ,  pH 7 . 4 ,  which was supplemented w i t h  2 . 8  mmol/l D-glu- 

cose.  A f t e r  a l l o x a n  exposure f o r  30 min, t h e  i s l e t s  were washed twice  i n  a l loxan-  

f r e e  incubat ion  medium. Control  i s l e t s  were t r e a t e d  s i m i l a r l y ,  except  t h a t  al-  

loxan w a s  omit ted from t h e  medium. A c a r e f u l  check was made t o  ensure  t h a t  pH 

changes due t o  a l l o x a n  d i d  n o t  i n f l u e n c e  t h e  r e s u l t s .  

I s l e t  i n s u l i n  release i n  response t o  glucose o r  l e u c i n e  w a s  s t u d i e d  a f t e r  al-  

loxan t rea tment .  Dupl ica te  samples of i s l e t s  were incubated f o r  6 0  min a t  37 O C  

i n  250 1-11 of a bicarbonate-buffered medium ( 2 9 )  w i t h  25 mmol/l HEPES and 2 mg/ml 

albumin and D-glucose o r  L-leucine as a p p r o p r i a t e .  I n s u l i n  w a s  determined by a 

radioimmunological assay  ( 1 7 )  w i t h  c r y s t a l l i n e  mouse i n s u l i n  as a s tandard .  

A f t e r  exposure t o  a l l o x a n ,  t h e  i s l e t  a c t i v i t y  of t h e  enzyme adenyla te  c y c l a s e  

(E.C. 4 . 6 . 1 . 1 )  was es t imated  by t h e  method of Howell and Montague ( 2 4 ) .  200 - 
300 i s l e t s  were homogenized i n  500 1-11 of ice-cold b u f f e r ,  and samples (50 111) of 

t h e  homogenate were mixed w i t h  50 1.11 of t h e  assay  medium c o n t a i n i n g  1 mmo1/1 

[CX-~~P]  ATP w i t h  a s p e c i f i c  r a d i o a c t i v i t y  of 6 2 0  MBq/mmol. To achieve  maximal 

s t i m u l a t i o n  of t h e  enzyme a c t i v i t y  some media were supplemented w i t h  10 m o l / l  

KF. The mixture  w a s  incubated a t  37 OC f o r  30 min and t h e  r e a c t i o n  w a s  stopped 

by b o i l i n g  f o r  3 min. Cycl ic  ["PI AMP formed dur ing  t h e  r e a c t i o n  w a s  separa ted  

from t h e  r e a c t i o n  mixture  on columns of n e u t r a l  alumina and measured by count ing 

t h e  cerenkov r a d i a t i o n  i n  a l i q u i d - s c i n t i l l a t i o n  spectrometer .  P r o t e i n  conten t  

of t i s s u e  homogenates w a s  determined by t h e  method of Lowry e t  a l .  ( 3 2 ) .  

The glucose u t i l i z a t i o n  by a l loxan- t rea ted  i s l e t s  was determined e s s e n t i a l l y  

as descr ibed  by Ashcroft  e t  a l .  ( 1 ) .  Dupl ica te  ba tches  of i s l e t s  w e r e  incubated 

f o r  60 min a t  37 OC i n  a b icarbonate  b u f f e r  ( 2 9 )  conta in ing  2.8  o r  28 mmol/l 

D-[5-3H] glucose w i t h  a s p e c i f i c  r a d i o a c t i v i t y  of 2200 and 220 MBq/rmnol, respec- 

t i v e l y .  The t r i t i a t e d  water formed from t h e  r a d i o a c t i v e  glucose w a s  measured by 

l i q u i d - s c i n t i l l a t i o n  count ing.  The recovery of tritium from known amounts of 

3H20 w a s  65 2 under t h e s e  experimental  c o n d i t i o n s .  

The o x i d a t i o n  of glucose o r  l e u c i n e  i n  i s l e t s ,  which had been exposed t o  a l -  

loxan,  w a s  es t imated  by measurements of 1 4 C 0 2  evolved from r a d i o a c t i v e  s u b s t r a -  

t es .  Dupl ica te  groups of i s l e t s  were incubated a t  37 OC f o r  6 0  min i n  a b i c a r -  

bonate-buffered medium ( 1 2 )  w i t h  e i t h e r  2 8  m o 1 / 1  D-[U-14C] g lucose  (44 .4  MBq/ 

m o l )  o r  10 mmol/l L-[U-14C] l e u c i n e  (18.5 MBq/mmol). The d e t a i l s  of t h e  incuba- 

t i o n  technique were e s s e n t i a l l y  as descr ibed  by Edwards e t  a l .  (9 ) .  

190 



RESULTS AND DISCUSSION 

From s t u d i e s  of islet  uptake of [2-'*C] a l l o x a n  (39) it seems clear t h a t  al- 

loxan d i f f u s e s  f r e e l y  a c r o s s  t h e  B-cell plasma membrane, and, fur thermore ,  it 

was concluded t h a t  t h e  plasma membrane w a s  impermeable t o  t h e  decomposition prod- 

u c t  of t h e  drug. These f i n d i n g s  could e x p l a i n  t h e  accumulation of a l l o x a n  i n  t h e  

i s l e t s  of Langerhans, which has been demonstrated by autoradiography (15,16) .  

Probably a l l o x a n  taken up by t h e  B-cells i s  r a p i d l y  decomposed i n t r a c e l l u l a r l y  

a t  a phys io logic  temperature ,  and t h e  decomposition product  i s  entrapped.  Howev- 

e r ,  i n  o u r  experimental  system r a p i d  decomposition of  t h e  drug  i s  avoided by t h e  

low temperature  dur ing  a l l o x a n  t rea tment  of t h e  i s o l a t e d  islets.  E q u i l i b r a t i o n  

w i t h  a l l  components of t h e  i s l e t  ce l l s  i s  thus  f a c i l i t a t e d ,  and t h e  washing o u t  

of a l l o x a n  from t h e  i s l e t s  should a l s o  be very e f f e c t i v e  provid ing  b inding  of 

t h e  drug does not  prevent  it. 

Despi te  t h e  washings performed it was found t h a t  t h e  a l l o x a n  t rea tment  inh ib-  

i t e d  subsequent i s l e t  i n s u l i n  release a t  37 OC (Fig. 1 ) .  Control  i s l e t s  i n -  

c reased  t h e i r  i n s u l i n  s e c r e t i o n  t h r e e  t i m e s  over  b a s a l  l e v e l  a t  a maximal glu-  

c o s e  s t i m u l a t i o n  (P < 0.05) and one and a h a l f  t i m e s  over  b a s a l  l e v e l  a t  a maxi- 

m a l  l e u c i n e  cha l lenge  (€' < 0.01) ,  whereas i s le t s  exposed t o  a l l o x a n  d i d  n o t  show 

any response t o  glucose o r  l e u c i n e  whatsoever. These r e s u l t s  confirm e a r l i e r  

f i n d i n g s  of a complete alloxan-dependent i n h i b i t i o n  of t h e  i s l e t  s e c r e t o r y  re- 

sponse t o  glucose (6,14,23,26,37,43) o r  l e u c i n e  ( 3 6 ) .  Moreover, they  imply t h a t  

even a f t e r  a c a r e f u l  washing of t h e  i s l e t s  some a l l o x a n  remains i n t r a c e l l u l a r l y ,  

probably f i r m l y  bound t o  some c e l l  c o n s t i t u e n t .  

T 

0 ' ! 
2.8 rnrnolll 

glucose 

I * *  

28  rnrnolll 
glucose 

2 rnrnoll l 15 rnrnoll l 
leucine Leucine 

Fig.  1 .  E f f e c t s  of a l l o x a n  on i n s u l i g  r e l e a s e  by mouse i s l e t s  of Langerhans. 
I s o l a t e d  i s l e t s  were incubated a t  4 C f o r  30 min e i t h e r  i n  absence (0) o r  pres-  
ence (a) of 2 mmo1/1 a l loxan .  Subsequently t h e  i n s u l i n  release was measured a t  
37 'C i n  t h e  presence of glucose o r  leuc ine  a s  i n d i c a t e d .  The p r o b a b i l i t i e s  of 
chance d i f f e r e n c e s  between c o n t r o l  and a l loxan- t rea ted  i s l e t s  a re :  *P < 0.05 and 
***P < 0.001. 
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From s tud ie s  on a l loxan  r e a c t i v i t y  i n  so lu t ion  it  has been proposed t h a t  t h e  

drug i s  reduced t o  d i a l u r i c  ac id  (5), which by spontaneous r eac t ion  wi th  oxygen 

generates superoxide r a d i c a l s ,  0 2 0 ,  hydrogen peroxide, H 2 0 2 ,  and hydroxyl rad i -  

c a l s ,  *OH (4). A l l  t h r e e  of these  spec ies  a r e  very  r eac t ive  and might be respon- 

s i b l e  f o r  t he  B-cytotoxicity of a l loxan .  The f a c t  t h a t  superoxide dismutase 
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.15.1.1), c a t a l a s e  (E.C. 1.11.1.6)and seve ra l  hydroxyl r a d i c a l  scavengers 

aga ins t  t he  e f f e c t s  of a l loxan  on t h e  i s l e t s  of Langerhans (11,13,18,19, 

i s  cons i s t en t  w i th  t h e  idea  t h a t  t h e  hydroxyl r a d i c a l  i n  p a r t i c u l a r  may 

cy to toxic  in te rmedia te  (11,21). This r a d i c a l  could i n t e r f e r e  wi th  a v a r i -  

c e l l u l a r  processes and thus expla in  t h e  whole spectrum of e f f e c t s ,  which 

a l loxan  exe r t s  on t h e  i s l e t  B-cells. However, due t o  i t s  high r e a c t i v i t y  t h e  

range of ac t ion  of t h e  hydroxyl r a d i c a l  i s  probably very s h o r t ,  and it may be 

argued t h a t ,  i f  t h e  drug binds s p e c i f i c a l l y  t o  some c e l l  c o n s t i t u e n t ,  only one 

o r  a few c e l l u l a r  events may be d i r e c t l y  a f f ec t ed  be the  drug a c t i o n  and o the r  

e f f e c t s  would be secondary phenomena, 

The hypothesis t h a t  a l loxan  can be recognized by a B-cell glucoreceptor (38, 

40) presumably impl ies  t h a t  t he  drug i n t e r a c t s  w i th  t h e  B-cell plasma membrane. 

Such an i n t e r p r e t a t i o n  may be supported by t h e  f ind ing  of alloxan-induced a l t e r -  

a t i o n s  i n  plasma membrane morphology a s  revealed by u l t r a s t r u c t u r a l  s tud ie s  of 

f reeze- f rac tured  r a t  i s l e t s  (34). Furthermore, i t  has been shown t h a t  glucose- 

s t imula ted  increase  of i s l e t  cyc l i c  AMP content i s  abolished i n  i s l e t s  exposed 

t o  a l loxan  (43) and an i n t e r a c t i o n  wi th  t h e  membrane bound (27,31) enzyme ade- 

ny la t e  cyc lase  (E.C. 4.6.1.1) i s  poss ib le .  However, i n  our experiments a l loxan  

apparently had no e f f e c t s  on i s l e t  adenylate cyc lase  (E.C. 4.6.1.1) a c t i v i t y  

(Fig. 2). Considering t h e  present f ind ing ,  i t  may be argued t h a t  t h e  cy to toxic i -  

t y  of a l loxan  depends on i n t e r a c t i o n  wi th  c e l l u l a r  t a r g e t s  o the r  than t h e  plasma 

membrane. Moreover, i t  i s  known t h a t  o the r  plasma membrane-associated phenomena 

such a s  i s l e t  c e l l  glucose uptake (33) o r  leuc ine  uptake (Borg, unpublished ob- 

Fig. 2.  E f fec t s  of a l loxan  on adenylate 
cyc lase  a c t i v i t y  i n  mouse i s l e t s  of 
Langerhans. I so l a t ed  i s l e t s  were incu- 
bated a t  4 OC f o r  30 min e i t h e r  i n  ab- 
sence (0) o r  presence (a) of 2 m01/ 
1 a l loxan  and t h e  enzyme a c t i v i t y  was 
subsequently measured i n  homogenates 
of t h e  i s l e t s .  The basa l  a c t i v i t y  was 
determined without f l u o r i d e  i n  t h e  as- 
say medium, whereas t h e  s t imula ted  ac- 
t i v i t y  was determined wi th  10 mmol/l 
potassium f l u o r i d e  i n  t h e  medium. 
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1 mrnolll ATP 1 mrnol/l ATP 
+10 rnrnol/l KF 
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Fig. 3. E f fec t s  of a l loxan  on subs t ra -  
t e  ox ida t ion  by mouse i s l e t s  of Langer- 
hans. I s o l a t e d  i s l e t s  were incubated 
a t  4 OC f o r  30 min e i t h e r  i n  absence 
(0) o r  presence (a) of 2 mmol/l a l -  
loxan and t h e  oxida t ion  of glucose o r  
leuc ine  w a s  subsequently measured a t  
37 OC. The p r o b a b i l i t i e s  of chance d i f -  
ferences between cont ro l  and alloxan- 
t r e a t e d  i s l e t s  a re :  *P < 0.05 and 
**P < 0.01. 

OL - 
2.8 mmollt 28 mmolll 

glucose glucose 

Fig. 4 .  Ef fec t  of a l loxan  on glucose 
u t i l i z a t i o n  by mouse i s l e t s  of Langer- 
hans. I s o l a t e d  i s l e t s  were incubated 
a t  4 O C  f o r  30 min e i t h e r  i n  absence (u) o r  presence (@) of 2 mmol/l a l -  
loxan and t h e  glucose u t i l i z a t i o n  a t  
2.8 mmol/l and 28 mmol/l was subse- 
quently measured a t  37 OC. 

se rva t ions )  a r e  not a f f ec t ed  by a l loxan .  

I n  t h e  present  i nves t iga t ion ,  t h e  i s l e t  ox ida t ion- ra te  of both glucose and 

leuc ine  was, however, decreased by 40 Z a f t e r  

(Fig. 3 ) .  On t h e  o the r  hand, t h e  drug had no e f f e c t  on is le t  glucose u t i l i z a t i o n  

(Fig. 4 ) .  These r e s u l t s  and t h e  f a c t  t h a t  a l loxan  does not a f f e c t  i s l e t  anaero- 

b i c  g lycolys is  (14) make it tempting t o  suppose t h a t  t h e  primary cy to toxic  ac- 

t i o n  of a l loxan  i s  exerted on t h e  B-cell mitochondria. This assumption i s  fur -  

t h e r  supported by t h e  very e a r l y  degenerative changes found i n  these  mitochon- 

d r i a  a f t e r  a l loxan  treatment i n  vivo (2,41,42). Indeed, it has been proposed 

t h a t  a l loxan  a f f e c t s  primarly sulfhydryl-dependent mitochondria1 t r anspor t  sys- 

tems f o r  inorganic  phosphate (3) and c e r t a i n  metabol i tes  (Boquist , t h i s  volume) , 
which i n  t u r n  leads  t o  impaired c e l l u l a r  func t ion  and v i a b i l i t y .  

a l loxan  treatment of t h e  i s l e t s  

The answer t o  why a l loxan  does not s t imu la t e  i s l e t  i n s u l i n  sec re t ion  continu- 

ously may l i e  i n  t h e  t o x i c  a c t i o n  of drug decomposition, whereas t h e  i n i t i a t i o n  

of i n s u l i n  r e l e a s e  promoted by a l loxan  i n  glucose-free media (30,35,40) may be 

e f f ec t ed  by a t r a n s i t o r y  i n t e r a c t i o n  between t h e  i n t a c t  drug molecule and a puta- 

t i v e  B-cell glucose receptor .  It seems l i k e l y  t h a t  t h e  acute  B-cytotoxicity,  ul-  

t imate ly  lead ing  t o  c e l l  nec ros i s ,  involves derangements of s i t e s  respons ib le  

f o r  t h e  ox ida t ive  metabolism of t h e  B-cell. 
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