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Oxidative stress to B-cells is thought to be of relevance 
in declining B-cell function and in the process of B-cell 
destruction. In other tissues including heart, brain and 
liver, oxidative stress has been shown to elevate the 
intracellular free calcium concentration and to provoke 
potassium effiux. We studied the effect of oxidative 
stress on Ca 2+ and K + (Rb +) outflow from pancreatic 
islets using the thiol oxidants DIP and BuOOH. Both 
compounds reversibly increased 86Rb+ effiux in the 
~6resence of 3 and 16.7 mmol/1 glucose. Stimulation of 

Rb + efflux was also evident in the absence of calcium. 
DIP evoked release of 45Ca2+ from the pancreatic islets 
both in the presence or absence of extracellular calcium. 
Employing inhibitors of the calcium-activated potas- 
sium channel (KCa) and the high conductance K+-chan - 
nel (BKCa), the effect of DIP on~86Rb + efflux was slightly 
diminished. Tolbutamide had no effect on 86Rb+ effiux 
in the presence of DIP. On the other hand thapsigargin, 
a blocker of the Ca2+-ATPase of the endoplasmic reticu- 
lure, completely suppressed the DIP-mediated 86Rb+ 
outflow. The data suggest that thiol oxidant-induced 
potassium effiux from pancreatic islets is mainly medi- 
ated through liberation of intracellular calcium and 
subsequent stimulation of calcium-activated potas- 
sium effiux. 

Keywords: Oxidative stress; pancreatic islets; BuOOH; DIP; 
potass ium efflux; thapsigargin 

Abbreviations: DIP, diazene dicarboxylic acid his (N'-methyl- 
piperazide); DIP 2+, -bis N-methyliodide;  BuOOH, tert-butyl- 
hydroperoxide;  TEA, te t rae thylammonium 

I N T R O D U C T I O N  

The redox state of GSH has been  sugges ted  to be 
of relevance in the m e c h a n i s m  of insulin secre- 

t ion in pancreat ic  islets as p rev ious ly  
rev iewed  [11. GSH is impor tan t  in a var ie ty  of 

reactions including reduct ive  processes,  protec-  
t ion of cells against  oxidat ive stress, free oxygen  
species and other toxic compounds  of endog- 

enous and exogenous origin. Two mechan i sms  
have  been described by  which oxidants  alter the 

function of ion channels in liver and  cardiac tis- 
sue. One appea r s  to be the incresase in intracel- 
lular free Ca 2+ concentrat ion [2], the second is due  

to an enhanced  po ta s s ium effiux a long ATP-sen- 
sitive po tass ium channels [3'4l which  is consid- 

ered to be a valuable  approach  in protect ing the 
m y o c a r d i u m  against  injury [51. In pancreat ic  

islets the closure of K+ATP channels  in response  
to a rise in the intracellular A T P / A D P  ratio 
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causes [~-cell depolarization and subsequent 
opening of voltage-sensitive Ca 2-- channels. The 
resulting Ca 2+ -influx triggers insulin secretion. 

Pancreatic islets are extremely sensitive to oxi- 
dative stress because the activity of the GSH per- 
oxidase as well as the GSH/GSSG ratio are low 
compared to other tissues [6]. There is evidence 
that the redox state of intracellular thiols and 
pyridine nucleotides is related to calcium uptake 
and insulin secretion. A decrease of the 
GSH/GSSG ratio by thiol reagents penetrating 
into islet cells causes inhibition of calcium 
uptake and insulin secretion. Therefore, oxida- 
tive stress to B-cells may be of relevance during 
the process of B-cell destruction in the develope- 
ment of type I diabetes [7]. 

We therefore investigated the influence of the 
membrane permeable sulfhydryl (SH) 
group-oxidizing agent diazene dicarboxylic acid 
his (N'-methylpiperazide) (DIP), its nonpenetrat- 
ing - and therefore only extracellular acting ana- 
log - diazene dicarboxylic acid 
bis-(N'-methylpiperazide) 2+ (DIP 2+) and the 
organic peroxide tert-butylhydroperoxide 
(BuOOH) on K + and Ca 2+ efflux from pancreatic 
islets of the rat. To define the mechanism behind 
the altered K + and Ca 2+ channel currents essen- 
tial to normal [3-cell function we used a variety of 
K + channel blockers and thapsigargin as an 
ER-Ca2+-ATPase inhibitor. The ATP/ADP ratio 
in presence of oxidants in pancreatic islets was 
determined too. 

MATERIALS AND METHODS 

Chemicals 

Collagenase (0.8 PZU/mg)  was obtained from 
Serva Feinbiochemika, Heidelberg, Germany; 
bovine serum albumin was purchased from 
Sigma Chemical & Co., St. Louis, USA; 86RbC1 
and 45CAC12 were supplied by Amersham-Buch- 
ler, Braunschweig, Germany; Thapsigargin, 

tetraethylammonium (TEA) and penitrem A 
were purchased from Sigma, St. Louis, USA. 
Tert-butylhydroperoxide (BuOOH) was 
obtained from Sigma-Aldrich, Deisenhofen, Ger- 
many. Diazene dicarboxylic acid bis-(N'-methyl- 
piperazide) (DIP) and bis-N'-methyliodide 
(DIP 2+) were synthesized according to Kosower 
and Kanety-Londner [8]. Firefly luciferase, Dquci- 
ferin (synthetic, free acid), ATP-Sulfurylase and 
sodium molybdate were from Sigma, St. Louis, 
USA. Creatine phosphate, creatine kinase, ADP, 
ATP and GMP were obtained from LaRoche Bio- 
chemicals, Mannheim, Germany. All other 
chemicals and reagents of analytical grade were 
obtained from E. Merck, Darmstadt, Germany. 

Isolation and Incubation of rat pancreatic Islets 

For the preperation of islets, Wistar rats (200-300 
g) of both sexes obtained from a local strain were 
used. Pancreatic islets were prepared by colla- 
genase technique as reported earlier [9]. The ionic 
composition of the medium used was as follows 
(mmol/1): NaC1 122, KC1 4.8, CaC12 2.5, MgC12 
1.1, NaHCO 3 20. The buffer was gassed with 
95 % 0 2 - 5 % CO 2 and supplemented with 0.5 % 
bovine serum albumin and 5.6 mmol/1 glucose. 
The pH was adjusted to 7.4 in all experiments. 
NaHCO 3 was replaced by 10 mmol/1 HEPES 
(N-2-hydroxyethylpiperazine-N'-2-ethanesul- 
phonic acid) and gassed with ambient air. In the 
case of calcium-deprived medium CaC12 was 
replaced by MgC12. 

Measurement of 86Rb+ and 45Ca2+ Efflux from 
perifused rat pancreatic Islets 

Groups of fifty islets were incubated for 90 
rain in Krebs-Ringer-HEPES buffer containing 
86RbC1 and glucose 5.6 mmol/1. After washing 
the islets were placed into perifusion chambers 
(0.3 ml). The perifusate was conveyed at 37 °C 
and at a flow rate of 1.2 ml/min. After an equili- 
bration period of 20 min, 86Rb+ appearing in the 
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FIGURE 1 Effect of the thiol oxidant  diazene dicarboxylic acid bis (N-methylpiperazide)  (DIP, Fig. lb) and bis N-methyl iodide  
(DIP 2÷, Fig. lc) on 86Rb + efflux rate from perifused rat pancreatic islets. During the interval 40-90 rain, DIP or DIP 2+ 
(0.1 mmol /1  or 1.0 mmol/1)  was added  to the perifusion medium.  Glucose concentration was 3 mmol /1  throughout  the experi- 
ment  (Fig. a - c). Mean values _+ SEM, n = 3 
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FIGURE 2 Effect of the thiol oxidant diazene dicarboxylic acid bis (N-methylpiperazide) (DIP) on 86Rb+ efflux rate from peri- 
fused rat pancreatic islets. DIP (0.1 mmol/1 or 1 mmol/1) was added from 40-70 min. Glucose concentration was 16.7 mmol/1 
throughout the experiment. Fig. 2a shows the efflux in calcium-containing medium, the right panel (b) shows the effect of DIP 
in calcium-free medium. Mean values +_ SEM, n = 3 

effluent fractions (collected at 2 rain intervals) 
was determined.  The fractional efflux of radioac- 
tivity was calculated as the percentage release 
rate of instantaneous islet content  of 86Rb+ at 

each t ime point. During the interval indicated in 
the figure, DIP, DIP 2+ or BuOOH (0.1 mmoI/1  - 

1 mmol/1)  were added  to the perifusion 
medium.  

For 45Ca 2+ efflux measurements ,  80 islets were  

incubated in Krebs-Ringer-HEPES buffer con- 
taining 45CAC12 and glucose 16.7 mmol/1.  The 
equilibration per iod took 40 min and the frac- 
tions were  collected at i min  intervals. 

Assay of the ATP/ADP ratio from rat pancreatic 
Islets 

The determinat ion of ATP and ADP was per- 
formed according to the procedure  described by  

Schultz et al. [10]. Twenty  rat islets were  incu- 

bated in KRH buffer  supplemented  with 3 
mmol /1  glucose. The incubat ion with the thiol 
oxidants was s topped by  removing the m e d i u m  
and lysis of islets in N a O H  (0.2 mmol/1).  The 
lysate was stored at -20 °C until  use. To assay 
ATP, an aliquot was incubated with a buffer  con- 

taining (mmol/I) :  Hepes  50, EGTA 2, MgSO 4 10, 
KC1 20, BSA 0.5 %, firefly luciferase (0.1 gmol/1) 
and D-luciferin (100 gmol/1) and adjusted to pH  
7.6 with KOH. ATP content was calculated f rom 
a s tandard  curve. ADP was de termined f rom a 
second aliquot. Initially, ATP was degraded  to 
AMP by 30 min incubation with buffer contain- 
ing (mmol/1): Tris 50, MgC12 5, NaMoO 4 10, 
GMP 15 and sulfurylase (30 gU/ml) ,  p H  was 
adjusted to 8.0 with HC1. At the end, sulfurylase 
was deactivated by  a 5 min  incubat ion in boiling 
water. In a second step, ADP was conver ted to 
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FIGURE 3 Effect of t e r t -bu ty lhydroperoxide  (BuOOH) on  86Rb+ efflux rate f rom per i fused  rat pancreatic islets. Du r ing  the inter- 
val  40-70 min,  B u O O H  (0.1 m m o l / 1  or i mmol /1 )  was  a d d e d  to the  per i fus ion  m e d i u m .  The islets were  per i fused  t h r o u g h o u t  in 
the  presence (Fig 3a+b) or absence (Fig. 3c) of extracellular Ca 2÷. Glucose concentra t ion was  3 m m o l / 1  or 16.7 mmol /1  th rough-  
out  the  exper iment .  M e a n  values  + SEM, n = 3 
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ATP using a buffer consisting of (mmol/1): Tris 
50, MgC12 5, KC1 40, creatine phosphate 2 and 
creatine kinase (10 gU/ml). After 30 min of incu- 
bation at room temperature KRH buffer was 
added. ATP was measured as described above 
and the content was determined from a standard 
curve prepared with ADP standards processed 
in parallel. 

Statistics 

The significance of differences between groups 
was determined by analysis of variance 
(ANOVA) followed by Newman-Keuls test. 
Data are presented as mean + SEM, n represent- 
ing the number of independent experiments. 

RESULTS 

Effects of  DIP and DIP 2+ on 86Rb+ efflux rate 
from pancreatic islets 

Addition of DIP 0.1 retool/1 did not affect the 
86Rb+ efflux rate in the presence of 3 retool/1 
glucose. However, at higher concentration (1 
retool/l), DIP revealed a sustained increase in 
86Rb+ efflux rate (Fig. lb). At 1 mmol/1 DIP the 
maximum effect appeared between 15 and 20 
minutes after addition of the thiol oxidant, fol- 
lowed by a decline of the 86Rb+ outflow. The 
addition of DIP 2+ (0.1 - 1 mmol/1) to islets did 
not modify the 86Rb+ efflux rate at any concen- 
tration tested (Fig. lc). When the perifusion 
medium was enriched with a stimulating (16.7 
retool/l) glucose concentration, the islets exhib- 
ited a similar change in the 86Rb+ efflux rate in 
response to DIP compared with 3 mmol/1 glu- 
cose (Fig. 2a). Under these conditions, DIP 
increased the 86Rb + efflux too when calcium was 
removed from the perifusion medium (Fig. 2b) 
although this effect was less pronounced. 

Effects of B u O O H  on 86Rb+ efflux rate from 

pancreatic islets 

Using BuOOH as an oxidant in a Ca2+-contain - 
ing medium a concentration-dependent biphasic 

increase in 86Rb+ outflow was seen (Fig. 3a). The 
magnitude of this effect was identical whether 
the perifusion medium contained 3 or 16.7 
mmol/1 of glucose (Fig. 3b). In the absence of 
calcium (Fig. 3c), the increase was nearly similar 
as in the presence of calcium. The change in 
86Rb+ effiux rate after removal of the drug 
reflects relief from the stimulating effect of 
BuOOH. 

Effects of  K+-channel blockers on the 86Rb + 
efflux rate in calcium-free m e d i u m  

The effects of a variety of inhibitors of potassium 
channels (tolbutamide: K + ATP channel, peni- 
trem A: voltage and calcium dependent potas- 
sium channel, tetraethylammonium: calcium 
dependent potassium channel) at 3 mmol/  1 glu- 
cose in the absence of Ca 2+ was tested. None of 
these inhibitors was able to completely abolish 
the 86Rb+ efflux caused by DIP (Fig. 4). How- 
ever, penitrem A and tetraethylammonium 
(TEA) led to a slightly depressed efflux rate with 
time whereas tolbutamide exhibited no effect at 
all. Similar results were obtained using BuOOH 
as an oxidant (data not shown). 

Effects of  a preincubation wi th  thapsigargin 
on the 86Rb+ efflux rate in calcium-free med ium  

Thapsigargin is an inhibitor of the endoplasmic 
reticulum-Ca 2+ ATPase. When pancreatic islets 
were preincubated with thapsigargin (2 gmol/1) 
for 30 min before addition of DIP, 86Rb+ efflux 
was abolished in response to the oxidant. 
(Fig. 5). BuOOH also failed to affect the 86Rb+ 
efflux rate from islets exposed to thapsigargin 
(data not shown). 

Effects of  DIP on 45Ca2+ efflux rate from islets 
in the presence or absence of calcium 

Whether the medium contained or was deprived 
of extracellular Ca 2+, DIP caused a similar 
increase in the 45Ca 2+ efflux rate (data not 
shown). 
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FIGURE 4 Effect of the thiol oxidant diazene dicarboxylic acid bis (N-methylpiperazide) (DIP) on 86Rb + efflux rate from islets in 
the presence of various K+channel blockers. Tolbutamide (200 gmol/1), Penitrem A (100 nmol/1) and Tetraethylammonium 
(TEA, 2 mmol/l) were added (40-90 min) in the presence of 3 mmol/1 glucose and calcium-free medium. Mean values _+ SEM, 
n = 3  

Ef fec t s  o f  D I P  a n d  D I P  2+ o n  the  A T P / A D P  ra t io  

o f  p a n c r e a t i c  i s l e t s  

The  effect  of  DIP,  DIP  2+ a n d  B u O O H  on  the  

A T P / A D P  ra t io  of  panc rea t i c  is lets  is s h o w n  in 

Fig. 6. W h e r e a s  0.1 m m o l / 1  DIP  p r o d u c e d  a 

smal l  dec rea se  af ter  an  i n c u b a t i o n  t i m e  of  30 

min ,  1 m m o l / 1  DIP  c a u s e d  a dec l ine  of  abou t  

25 % w i t h o u t  r e a c h i n g  s ignif icance.  T r e a t m e n t  of 

cells w i t h  1 m m o l / 1  DIP  2+ and  1 m m o l / 1  

B u O O H  has  no  effect  on  islet  A T P / A D P  ratio.  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



514 ANITA M. HENNIGE et al. 

4,0 
A 

' -  3,5 
E --. 3,0 

~) 2,5 

2,0 
X 
: 1,5 
E 
+~) 1,0 
. Q  
r~ 0,5 

0 , 0  

( I  Glucose 3 rnmol/I 
v 

i~ DIP 1 mrnol/I 
r -  

i 
I 
t 
I 

+ Thapsigargin 

• - Thapsigargin 

• • I | | | 

20 30 40 50 60 70 80 90 

Perifusion time (rain) 

FIGURE 5 Effect of the thiol oxidant diazene dicarboxylic 
acid bis(N-methytpiperazide)  (DIP) on 86Rb+ effiux rate from 
islets in calcium-free m e d i u m  wi th  or wi thout  addit ional 
preincubation (30 min) with thapsigargin 2 gmol/1. DIP (1 
mmol/1)  was  added  from 40-90 min. Glucose concentration 
was 3 mmol /1  throughout  the experiment.  Mean values + 
SEM, n = 3 

DISCUSSION 

During oxidative stress GSH plays a key role of 
cellular protection [111. To provide further under- 
standing of how oxidative stress affects islets 
function, the effects of DIP and BuOOH, tools 
being used to lower GSH/GSSG ratio in islets, 
were studied. Thiol oxidants like DIP have been 
shown to oxidise intracellular GSH without 
affecting NAD(P)H, changing the GSH/GSSG 
status of the cells and lead to a variety of altera- 
tions in biological behaviour. Protein thiols may 
react with diazene oxidizing agents like DIP less 
rapidly than with GSH I8]. 

The data of this study indicate that oxidative 
stress caused by DIP and BuOOH leads to an 
increased K + channel current. Based upon our 
observations that DIP 2+, which does not pene- 
trate into islet cells I12], did not change the K + 
efflux rate it appears that the target for oxidative 
stress is localized to the inner side of the cell 

membrane. Opening of ATP-sensitive K + chan- 
nels has emerged as a cardioprotective mecha- 
nism [5'13] and intervene to reduce or delay cell 
death [14]. ATP sensitive channels are found in a 
number of different tissues where they play dis- 
tinct physiological functions, but in all these tis- 
sues they are blocked by antidiabetic 
sulfonylureas I15]. Our results demonstrate that 
the blockade of K + ATP-sensitive channels with 
tolbutamide did not affect the DIP and BuOOH 
induced K + efflux in islets, suggesting that the 
increased Rb + effiux does not simply result from 
a failure to close K + ATP channels. Therefore, we 
conclude that oxidative stress has no direct effect 
on the K + ATP channels in islet cells. 

The stimulating action of oxidants on Rb + 
efflux was somewhat less in the presence of TEA 
and Penitrem A, suggesting that the TEA- and 
Penitrem A-sensitive K + channels may be 
involved in the increased potassium efflux. The 
contribution of these channels to increased 86Rb+ 
efflux appears, however, to be only small. It is 
possible that to a major part oxidative stress may 
activate K + channels indirectly via liberation of 
Ca 2÷ from intracellular stores. To test this 
hypothesis we preincubated islets with thapsi- 
gargin, an inhibitor of Ca 2+ mobilization from 
Ins (1,4,5)P3-sensitive pools through inhibition 
of ER Ca 2+ APTase [16]. Following thapsigargin 
treatment, elevated Rb + effiux was markedly 
decreased. This indicated to us that inhibition of 
calcium depletion from intracellular stores pre- 
vents the increased K + effiux in pancreatic islets 
during oxidative stress and that in pancreatic 
islets oxidative stress-mediated potassium efflux 
is mainly the consequence of intracellular cal- 
cium release. 

According to observations reported by Maeda 
et al. [17] low concentrations of ATP enhance IP3 
receptor channel activity and Ins(1,4,5)-induced 
Ca 2+ release from intracellular stores. Therefore, 
we measured the ATP/ADP ratio in pancreatic 
islets treated with the oxidants. These findings, 
however, indicate that the early depletion of 
Ca 2+ from intracellular stores and the release of 
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FIGURE 6 Effect of the thiol oxidant diazene dicarboxylic acid bis (N-methylpiperazide) (DIP), -bis N-methyliodide (DIP 2+) and 
BuOOH on the ATP/ADP ratio from rat pancreatic islets. Twenty islets were incubated for 30 rain with or without DIP (0.1 
mmol/1 or 1 mmol/1), DIP 2+ (1 mmol/1) and BuOOH (1 mmol/1) respectively in KRH buffer containing calcium. Glucose con- 
centration was 3 mmol/1 throughout the experiment. Mean values + SEM, n = 6. ANOVA, Newman-Keuls-test (n.s.: not signifi- 
cant) 

K + in itself is a phenomenon that is independent 
of the ATP/ADP ratio or cell damage under the 
conditions of this study. 

In conclusion, multiple mechanisms contrib- 
ute to cell injury after hypoxia, ischemia/reper- 
fusion and toxic chemicals, but a common final 
pathway leading to cellular damage may be Ca 2+ 
overload after failure of Ca 2+ stores. One possi- 
ble mechanism in order to protect the cells is an 
activation of K + channels. In the pancreatic islet 
such an effect seems to be due to depletion of 
intracellular calcium stores. 
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