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A b s t r a c t - - I n  rat pancreatic islets perifused in the presence of 2-cyclohexene-l-one (CHX; 1.0 mM), the 
secretory response to either D-glucose or 2-ketoisocaproate, but not that evoked by the association of 
L-leucine and L-glutamine, was severely decreased. This coincided with a decreased stimulation of [4SCa] 
efflux from prelabelled islets, whereas the inhibitory action of D-glucose or 2-ketoisocaproate upon both 
[S6Rb] and [4SCa] efflux appeared little or not affected. In the presence of D-glucose, the islets exposed 
to CHX were virtually unresponsive to either forskolin, theophylline or cytochalasin B. A severe 
decrease in the secretory response to forskolin was also observed in CHX-treated islets exposed to L- 
leueine and L-glutamine. Except for a somewhat lower sensitivity to NaF, no major change in adenylate 
cyclase activity or cyclic AMP production was observed in CHX-treated islets. The activity of protein 
kinase A was decreased in such islets but its responsiveness to cyclic AMP appeared unaltered. 
Transglutaminase activity was severely decreased in homogenates derived from CHX-treated islets. 
These findings suggest that CHX, possibly by lowering the GSH content of islet cells, impairs the 
functional capacity of the effector system for insulin release, in addition to and independently of any 
effect that it may exert upon nutrient catabolism and cationic fluxes in the islet cells. 

In the preceding report  in this series, we have pro- 
posed that 2-cyclohexene- l -one  (CHX),  by lowering 
the G S H  content  in rat pancreatic islets, affects both 
the oxidation of certain exogenous nutrients and 
intracellular distribution of calcium [1]. In addition, 
it was speculated that C H X  might also alter the 

C a - - s e n s m v e  targets responsiveness to Ca 2. of v+ ' 
involved in the translocation and extrusion of 
secretory granules. The present study was under- 
taken in order  to explore the validity of the latter 
concept.  For  such a purpose,  we have mainly scru- 
tinized the effects of C H X  upon two functional vari- 
ables, namely the fluxes of cations and the secretory 
response to insulinotropic agents thought to act at 
the level of the effector system for insulin release 
[2, 31 . 

MATERIALS AND METHODS 

The drug 2-cyclohexene- l -one  was purchased from 
Aldr ich-Chemie  (Steinheim, F .R .G . ) .  All experi- 
ments were per fo rmed  with islets isolated from the 
pancreas of fed albino rats [4]. 

The methods  used to measure insulin release [5], 
[g6Rb] outflow [6] and [45Ca] outflow [7] from pre- 
labelled and perifused islets were identical to those 
described in the cited references.  The nutrient- 
induced inhibition of [~6Rb] outflow was judged by 
paired comparison of the mean fractional outflow 

* To whom correspondence should be addressed at: 
Laboratoire de M6decine Exp6rimentale, 115, Boulevard 
de Waterloo, B-1000 Brussels, Belgium. 

rate recorded over  two periods of 5 min each, just 
prior to and after prolonged exposure to each nutri- 
ent. The nutr ient- induced inhibition in [45Ca] out- 
flow was judged by paired comparison of the frac- 
tional outflow rates recorded just prior to and shortly 
after introduction of the nutrient.  The secondary rise 
in [45Ca] efflux evoked by nutrients was est imated 
from the difference between the lowest value for 
[~SCa] fractional outflow rate reached shortly after 
introduction of the nutrient and the mean integrated 
value recorded over  the ensuing period of stimu- 
lation. The nutr ient- induced stimulation of insulin 
release was taken as the paired difference between 
mean basal value (measured in the last five samples 
prior to introduction of the nutrient) and the mean 
integrated secretory rate recorded during the entire 
period of exposure to the nutrient.  

The methods used to measure the release of insulin 
[4] and production of cyclic A M P  [8] by incubated 
intact islets and the activity of adenylate cyclase [3], 
protein kinase A [9] and transglutaminase [10] in 
islet homogenates  were identical to those given in 
the cited references.  The activity of transglutaminase 
was measured in the presence of N,N-dimethylcasein 
(1.0%, w/v) ,  [2,5-3H]histamine (0.5 mM) and Ca 2- 
(0.5 mM). 

All results are shown as the mean ( + S E M )  
together  with the number  of individual observations 
(N), degree of f reedom (d.f.),  or statistical sig- 
nificance of differences between mean values as 
assessed by Student 's  t-test. The comparison between 
control and exper imental  values is restricted to 
results collected within the same experiment(s) .  
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Table 1. Basal cationic and secretory data 

No CHX CHX (1.0 raM) 

[*"Rb] FOR (C,'c/min) 
Ca > 1.0 mM 3.99 + 0.21 (14) 4.57 - 0.26 (15) 
No Ca 2-, EGTA 0.5 mM 4.24 ± (}.26 (16) 4.54 _+ 0.2~ {16} 

[a;Ca] FOR (~/c/min) 
Ca > 1.0 mM 1.24 ± {).{)9 (14) 1.32 +- 0.10 (15) 
No Ca 2", EGTA 0.5 mM 1.26 ± 0.13 (16) 1.16 -- (I.13 (16) 

Insulin output (nU/min per islet) 
Ca:- 1.0 mM 121 ± 25 (14) 143 ± 22 fl6) 

R E S U L T S  

Basal cationic and secretory data 

In order  to investigate the effect of C H X  upon the 
cationic and secretory response of the islets to either 
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Fig. 1. Effect of D-glucose (16.7raM) upon [~*Ca] and 
lS~Rb] outflow from islets perifused at normal extracellular 
Ca e' concentration in t'hc absence (left) or presence (right) 
of CHX (1.0raM). Mean values (±SEM) refer to four 

experiments. 

D-glucose (16.7 mM),  2-ketoisocaproate {10.0 mM) 
or the association of [,-leucine and L,-glutamine 
(10 .0mM),  islets prelabelled with [45Ca] and /or  
[~Rb] were perifused for 70 rain in the absence or 
presence of C H X  (1.0 mM).  The islets were deprived 
of exogenous nutrient  for the first 45 min and then 
exposed to the secretagogue(s)  for the last 25 rain of 
perifusion. The fractional outflow rate (FOR)  for 
either [~Rb] and [aSCa] and release of insulin were 
measured at normal extracellular Ca 2- concentrat ion 
(1.0 mM). In order  to obtain a reliable est imation of 
the inhibitory action of nutrient  secretagogues upon 
[45Ca] efflux, the [86Rb] and [45Ca] F O R  was also 
measured in islets perifused in the absence of CaCI:  
and presence of E G T A  (0.5 mM).  

As documented  in Table 1, C H X  tended to slightly 
increase the basal [~6Rb] F O R .  Such an increase 
only achieved statistical significance at normal Ca 2- 
concentrat ion and when assessed by paired com- 
parison (P < 0.005). The presence of C H X  in the 
perifusate failed to affect the basal [45Ca] F O R .  
whether  in the presence or absence of Ca: - .  The 
basal insulin output  was also unaffected bv CHX.  

Cationic and secretory response to D-glucose 

Whether  at normal  Ca: -  concentrat ion or in the 
absence of Ca z+. D-glucose provoked a rapid and 
sustained decrease in [S6Rb] outflow (Fig. 1, lower 
panel)• As judged from the paired difference in 
[~Rb] F O R  between the mean values recorded over  
the 5 min preceding the administrat ion of D-glucose 
(min 41-45) and the last 5 min of exposure to the 
hexose (min 66-70), C H X  failed to affect sig- 
nificantly the inhibitory action of the sugar upon 
[S~Rb] I~OR (Table 2), whether  in the presence or 
absence of extracellular Ca : - .  

In the absence of Ca -~-, glucose provoked a rapid 
and sustained decrease m {a>Ca] F O R .  As judged 
from the paired difference between the value re- 
corded just prior to the introduction of D-glucose 
(rain 45) and that reached 4 min later (rain 49), C H X  
failed to affect significantly the inhibitory action of 
the hexose upon [a~Ca] F O R  (Table 2), the trend 
being towards a less marked effect of D-glucose in 
the presence than absence of CHX.  At normal Ca : -  
concentrat ion,  and in the absence of CHX,  D-glucose 
provoked an initial fall in [45Ca] outflow, this being 
soon followed by a secondary and biphasic increase 
in [a5Ca] F O R  (l~ig. 1, upper panel), C t I X  impaired,  
in t~so respects, this cationic response to D-glucose. 
First. the initial fall in [a5Ca] outflow appeared less 
marked (Table 2) and the lowest value for I~SCa] 
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Table 2. Cationic and secretory response to D-glucose 

No CHX CHX (1.0 mM) 

Nutrient-induced decrease in [SORb] FOR (%/rain) 
Ca:- 1.0 mM 3.28 ± 0,06 (4) 
No Ca:-, EGTA 0.5 mM 3.17 _+ 0.40 (4) 

Nutrient-induced decrease in [45Ca] FOR (%/rain) 
Ca-'- 1.0 mM 0.36 _+ 0.03 (4) 
No Ca:-. EGTA 0,5 mM 0.25 _+ 0.06 (4) 

Nutrient-induced increase in [~SCa] FOR (%/min) 
Ca:- 1.0 mM 0.37 ± 0.05 (4) 

Nutrient-induced increase in insulin output (nU/min per islet) 
Ca-'- 1.0 mM 580 _+ 88 (4) 

2.89 ± 0.50 (4) 
3.26 ± 0.36 (4) 

O.11 ~ 0.03 (4) 
0.18 ~ 0.01 (4) 

0.03 ± 0.0I (4) 

84 ± 39 (4) 

F O R  was reached 1 or 2 m i n  later (min 50 or 51 
instead of min 49) in the presence,  as distinct from 
absence, of CHX.  Second, the secondary rise in 
[45Ca] outflow was severely impaired by CHX.  Thus, 
as judged from the paired increment  in [45Ca] F O R  
between the lowest value reached shortly after intro- 
duction of D-glucose and the mean value recorded 
over  the ensuing period of exposure to the hexose,  
the glucose-induced increase in [aSCa] outflow was 
10 times lower in the presence of C H X  than in its 
absence (Table 2). 

At  normal  Ca >- concentra t ion and in the absence 
of C H X ,  D-glucose provoked  a biphasic increase in 
insulin output.  The  secretory response to the hexose 
was considerably decreased and apparently delayed 
in the presence of C H X  (Fig. 2 and Table  2). 

Cationic and secretory response to 2-ketoisocaproate 

The influence of C H X  upon the cationic and 
secretory response to 2-ketoisocaproate  was largely 
comparable ,  albeit not  identical,  to that seen in the 
case of D-glucose. Both in the absence and presence 
of Ca 2., 2-ketoisocaproate  provoked  a rapid and 
sustained decrease in [S6Rb] outflow, this phenom- 
enon being unaffected by C H X  (Fig. 3 and Table 3). 

In the absence of Ca 2+, 2-ketoisocaproate  caused 
a rapid and sustained decrease in [45Ca] outflow. 
C H X  failed to affect significantly this inhibitory 
action of 2-ketoisocaproate,  the trend being towards 
a lesser decrease in [45Ca] F O R  in the presence than 
absence of C H X  (Table 3), In the presence of  Ca 2+ 
but absence of C H X ,  2-ketoisocaproate  caused an 
early fall fol lowed by a secondary and biphasic rise 
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Fig. 2. Effect of D-glucose (16.7 mM) upon insulin release 
from islets perifused at normal extracellular Ca 2- con- 
centration in the absence (left) or presence (right) of CHX 
(1.0 mM), Mean values (_+SEM) refer to four experiments. 
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Fig. 3. Effect of 2-ketoisocaproate (cr-KIC, 10.0 mM) upon 
[~SCa] and [~Rb] outflow from islets perifused at normal 
extracellular Ca 2" concentration in the absence (left) or 
presence (right) of CHX (1.0 raM). Mean values (_+SEM) 

refer to 6-7 experiments. 
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Table 3. Cationic and secretory respunse to 2-ketoisocaproate 

No ( 'HX CHX (1.{} raM) 

Nutricnt-induced decrease in ['"Rb] FOR (%/min} 
C a :  1.(1 mM 1.98 + 0.13 (6) 
No Ca 2" . EG'I'A {I.5 mM 3.05 + 0.20 (6) 

Nutrient-reduced decrease in l: 'Ca] FOR {"~/mini 
C a :  l.(/ mM 0.46 + 0.06 (6) 
No Ca 2' . E(YI'A (1.5 mM 0.93 + 0.(}6 (6) 

Nutrient-induced mcrcasc in {afCa] FOR (c~/min) 
Ca: 1.0 mM 0.1(} + 0.04 (6) 

Nutrient-induccd increase in insulin output (nU/min per islet) 
C a :  1.0 mM 725 ~ 76 {6) 

2.31 ~ {}.ll (F,) 
2.81 + 0 .15  (6)  

0 .64  - 0.0H (7) 
{I.76 ± {).[)8 (6)  

I}.05 ± I}.{}2 (7} 

244 + 4{I (F,} 

in [45Ca] outf low (Fig. 3). T he  lowest  value in [45Ca] 
outflow reached  shor t ly  af ter  in t roduc t ion  of the 
nu t r i en t  secre tagogue  and  the  early peak  value 
reached  dur ing  the  secondary  rise in [45Ca] efflux 
occurred respect ive ly  1 and  2 min ear l ier  in the  
re s ponse  to 2 -ke to i socaproa te  t han  in response  to D- 
glucose. In the  p resence  of C H X  and at no rma l  Ca "-+ 
concen t r a t ion ,  the  secondary  rise in [45Ca] efflux 
normal ly  evoked  by 2 -ke to i socaproa te  was vir tually 
abo l i shed  (Fig. 3). As  a consequence ,  the  lowest  
value for [45Ca] F O R  reco rded  short ly  af ter  int ro-  
duct ion of the  2-keto  acid w a s  reached  somewha t  
la ter  (min  4 9 - 5 0  ins tead  of  min  48) and a p p e a r e d  
s o m e w h a t  lower ,  albei t  not  significantly so, in the 
presence  of C H X  than  in its absence.  

At  no rma l  Ca "" concen t r a t ion  and  in the absence  
of C H X ,  2 -ke to i socaproa te  p rovoked  a biphasic  
s t imula t ion  of insulin release (Fig. 4). In good agree- 
men t  with the cat ionic  data ,  the early peak value 
for insulin release was recorded  one  rain earl ier  in 
response  to 2 -ke to i socaproa te  than in response  to D- 
glucose. C H X  severely inh ib i ted  bo th  the early and 
late c o m p o n e n t s  of the secre tory  response  to 2-keto- 
i socaproa te  (Fig. 4 and  Table  3). 
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Fig. 4. Effect oI 2-kctoisocaproate (a-KIC. 10.0 raM) upon 
insulin release from islets perilused at normal extracellular 
Ca e" concentration in the absence (left) or presence (right) 
of CHX (1.0raM). Mean values (±SEM) rcfcr to 6-8 

c x p e r i m e l l l S .  

( ationic attd secretory response to L-leucine and I.- 
g lutamine 

The s imul t aneous  in t roduc t ion  of L-leucine and 
L-glutamine ( 1 0 r a M  each)  p rovoked  a rapid and 
sus ta ined decrease  in [S6Rb] F O R ,  whe the r  in the 
absence  or presence  of Ca :÷ (Fig. 5 and  Table  4). 
C H X  tended  to accen tua te  such a fall in [S6Rb] FOR.  
the dif ference be tween  control  and exper imenta l  
values be ing  significant (P < 0.05) only in the pres- 
ence of Ca > (Table  4). It should  be no{ed, however ,  
that  the decrease  in [~Rb]  F O R  evoked  by the amino  
acids displayed the same relative magni tude  in the 
absence  and  presence  of C H X ,  when  expressed rela- 
tive to the pai red  basal  value. Thus,  the amino  acid- 
induced fall in [S6Rb] F O R  in the presence  of C H X  
and in its absence ,  respect ively,  co r re sponded  to a 
relat ive decrease  of 69.1 ± 3.(i) and 57.2 ± 6.9C~ at 
normal  Ca2- concen t r a t ion  (P > 0.1 ) and 70.1 = 1.9 
and 66.5 - 2.2c~ in the absence  of Ca > (P > II.2). 

In the absence  of Ca 3-, the associat ion of the two 
amino  acids p rovoked  a rapid decrease  in [45Ca] 
outflow. At  var iance  with the  s i tuat ion found in 
response  to e i ther  D-glucose or 2-ke to isocaproate ,  
this initial fall was fol lowed by a slow reascension in 
[4Wa] F O R  (Fig. 5). The  pa t t e rn  and magni tude  of 
the changes  evoked  by amino  acids in the outflow of 
[45Ca] f rom the c a l c i u m - d e p m e d  islets were similar 
in the presence  or absence  of C H X  (Fig. 5 and 
Table  4). In the presence  of ( ' a  -~-, l - leucine and I - 
g lu tamine  also p roxoked  an early fall in [aSCa] out- 
flow fol lowed bx a secondary  rise. the lat ter  con> 
p o n e n t  being more  m a r k e d  in the presence than 
absence of extracel lu lar  Ca > (compare  Figs 5 and 
6). In the presence  of Ca -'~. C t I X  failed to affect 
the amino  ac id- induced fall in [aSCa] outflow but  
increased the nragni tude of the secondary  rise in 
effluent r ad ioac tMtv  (Fig. {~ and Table  4). Indeed.  
relat ive to the pai red  lowest value for It>Ca] FOR 
reached  short ly after  the in t roduct ion  of the amino 
acids, the nlcan inc rement  in [aSCa] F O R  recorded 
over  the ensuing per iod of s t imula t ion co r responded  
to a relat ive increase of 21.5 + 7 . 1 ~  in the absence  
of C t t X  as dist inct  {P < 0.05} from 45.5 ± b.5c~ m 
the presence  of CHX.  

The associat ion of l.-leucine and L-glutaminc 
s t imula ted  insulin release.  The pa t te rn  of such a 
secretory response  differed from that  seen in 
response  to e i the r  D-glucose or 2-ke to isocaproa tc  b \  
the fact tha t  a progressive increase in insulin output  
was not iced t h r o u g h o u t  the 25 rain of exposure  to 
these amino  acids. C H X  provoked  a dramat ic  
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of EGTA (0.5 raM), either in the absence (left) or presence 
(right) or CHX (1.0mM). Mean values (_+SEM) refer to 

six experiments. 

increase  (P < 0.03) in the secre tory  response  to such 
amino  acids (Fig. 6 and  Table  4), also in sharp  con- 
trast  to the  s i tuat ion found  with e i ther  D-glucose or 
2 -ke to i socaproa te .  

Effects of Ca 2~, forskolin, theophylline and cyto- 
chalasin B upon insulin release 

C H X  ( 1 . 0 m M )  dec reased  by abou t  one  third,  
f rom 305 .9 -+11 .4  to 200.1_+11.8  uU/ i s l e t  per  
90 rain ( N  = 29-30) ,  the release of insulin evoked  by 
D-glucose (16.7 m M )  in islets i ncuba ted  for 90 rain 
at 37 ° . The  res idual  ra te  of insulin release evoked  by 
D-glucose r e m a i n e d  d e p e n d e n t  on bo th  the integri ty 
of glucose me tabo l i sm and  the  availabil i ty of extra- 
cellular Ca 2.. Thus ,  in the presence  of both"D-glucose 
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(16.7 mM)  and C H X  ( 1 . 0 m M ) ,  the rate of insulin 
ou tpu t  was fu r the r  dec reased  from 209.6 _+ 3.0 ,uU/ 
9 0 m i n  per  islet to 17.5 -+ 2.2uU/9Omin per  islet 
when  m a n n o h e p t u l o s e  (15 mM)  was added  to the 
med ium and  to 27.3 -+ 3.0 t /U/90  min per  islet (N = 

Table 4. Cationic and secretory response to L-leucine and L-glutamine 

No CHX CHX (1.0 raM) 

Nutrient-induced decrease in [~Rb] FOR (%./min) 
Ca 2 1.0 mM 2.51 ± 0.29 (4) 
No Ca 2+, EGTA 0.5 mM 2.60 _+ 0.37 (6) 

Nutrient-induced decrease in [45Ca] FOR (~4/min) 
Ca 2- 1.0 mM (/.35 + (/.1/3 (4) 
No C a : ,  EGTA 0.5 mM 0.31 + 0.04 (6) 

Nutrient-induced increase in [a'Ca] FOR (%/min) 
Ca:- 1.0 mM 0.17 + 0.06 (4) 

Nutrient-induced increase in insulin output (nU/min per islet) 
C a  x 1.0 mM 178 +- 43 (4) 

3.73 _+ O.37 (4) 
3.08 -+ 0.37 (6) 

O.3O ± O.02 (4) 
(;.32 ± 0.04 (6) 

0.32 +_ 0.05 (4) 

1148 + 324 (4) 
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Table 5. Effect of CHX upon glucose-stimulated insulin release 

Insulin output" 
D-Glucose Forskolin Theophylline Cvtochalasin B 

(mM) (uM) (mM) (uM) No CHX CHX (2.0 mM) 

16.7 - -  - -  - -  311.6 ± 12.2 (57) 106.9 ± 7.1 (58) 
16.7 10.0 - -  647.2 + 9.7 119) 94.3 = 9,5 (19) 
16.7 - -  1.4 - -  671.2 +- 34.6 (10) 114,0 + 8.1 (29) 
16,7 - -  - -  20.9 712.9 ± 32.4 19) 113.4 +- ,~,3 (28) 

* The output of insulin v~as measured over 90 min incubation in the absence or presence of CHX, and 
is expressed as HU/islet per 90 min. 

12 in all cases) when the medium was deprived of 
CaC12 and enr iched with E G T A  (0.5 mM).  

However .  in contrast  to control islets, those 
exposed to C H X  (2.0 mM) were unable to display 
any increase in glucose-st imulated insulin output  
when ei ther  forskolin (10.0 uM), theophyll ine 
(1.4 mM) or cytochalasin B (20.9 uM) was added  to 
the incubat ion medium (Table 5). 

Since certain amino acids, especially L-glutamine, 
may protec t  the islet cell against the deleter ious 
effect of C H X .  we have examined the effect of the 
latter drug upon the secretory response  to forskolin 
in islets exposed  to L-glutamine and L-leucine 
( 1 0 m M  each).  Forskolin (10/.lM) doubled insulin 
release evoked,  in the absence of CHX,  by the 
association of L-leucine and L-glutamine (Table 6). 
Al though CHX,  at a concentra t ion  of 1 .0mM.  
failed to affect significantly the secretory response to 
these amino acids, it virtually abolished the enhanc-  
ing action of forskolin.  At a higher concentra t ion 
(2.0 mM),  C H X  caused a 68.9 -+ 10.1% inhibition of 
insulin release evoked  by the two amino acids, and 
again impaired the enhancing action of forskolin. 

Pooling the data ob ta ined  at the two concentra t ions  
of C H X  (1.0 and 2.0 mM),  the relative magnitude 
of the enhancing action of forskolin averaged 
29.3-+ 13.5¢'~ ( P < 0 . 0 5 :  d . f . = 5 4 ) ,  as distinct 
(P < 0.001 ) from 105.8 +- 9.4q- (P < 0.001 ; d.f. = 
24) in the absence of CHX.  These data indicate that,  
even in the presence  of L-leucine and L-glutamine, 
C H X  affects preferential ly the response to forskolin 
as distinct from that evoked bv these amino acids. 

A denylate o, clase activi O, and cyclic A M  P production 

The findings illustrated in Tables 5 and 6 led us to 
investigate whe ther  the activity of enzymes involved 
in the functional response  of islet cells to cyclic A M P  
an d / o r  Ca > was al tered in CHX- t r ea t ed  islets. In 
this perspect ive,  we have first examined the effect of 
C H X  upon both adenylate  cvclase activity in islet 
homogena tes  and cyclic AMF; product ion by intact 
islets. 

Preincubat ion of the islets for 30min  with C H X  
( 1.0 or 2.0 raM) failed to cause an,,' obvious alteration 
of basal adenylate  cvclase activity in islet homo-  
genates  (Table 7) and failed to affect adversely the 

Table 6. Effect of CHX upon amino acid-stimulated insulin relca~,e 

k-Leucinc L-Glutamine Forskolin CHX Insulin output 
(mM) (mM) (uM) (raM) (,uU islet per 90 rain) 

10.0 10.() - -  294.7 = 25.7 (12) 
10.(I 1I).1) 10.0 - -  606.5 ± 13.0 (14) 
11).{) 10.0 --- 1.() 281.2 = 25.7 (14) 
I().0 i(}.(1 I().0 1.0 343.8 = 31.5 (14) 
I 0 . 0  I ( } .0  - -  2.0 91.6 = 14.8 ( 1 4 )  

I0.0 i0.0 10.0 2.0 1_4.8 ~ 15.5 (14) 

of 
The output of insulin was measured oxer 90 min incubation in the absence or presence 

CHX (1.0 or 2.0 mM). 

Table 7. Effect of ( 'HX upon adcnvlate cvclasc actixitx 

Assay conditions No Ct IX:': CHX ( 1.0 raM) ('HX (2.0 mM) 

Basal 348 ~ 6 (3)+ 315 + 8 (31 338 = 5 (3J 
NaF(10 raM) 11o2 ~ 11 (3) 644 Y 17 (3) S0 c) :3 ll (3) 

[3.34 + 0.04]:i: [2.05 : I).(l(~] [2.39 ~ 0.04] 
Forskolm (I()HM) 1499 + 1{~(3) I406 + 21 (3) 1581 - 39(3) 

[4.31 + 0.05] {4.46 = 0.07] [4.o7 ~ 0.12] 

* The islets 'acre preincubated for 30 rain in the absence or presence of CHX (1.0 or 
2.0 mM) prior to bcing homogenizcd tot mcasurement of enzymic activity. 

~ The reaction xelocitv is expressed as amol/islet per ram. 
:i: The reaction vclocitx is expressed relative to basal value (in brackcls). 
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Table 8. Effect of CHX upon cyclic AMP net production 

D-Glucose Yheophylline 
(mM) (raM) No CHX * CHX (l.0 mM) 

1.7 1.4 41.4 ± 2.2 (19)+ 47.8 + 3.0 (17) 
16.7 - -  23.6 - 3.9 (17) 22.1 -+ 4.5 (17) 
16.7 1.4 68.7 -+ 3.7 (26) 64.5 + 5.7 (25) 

* The islets were incubated for 60min in the absence or presence of CHX .1.0 
mM). 

+ The cyclic AMP content of the islets and incubation medium is expressed as 
fmolislet. 
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response to forskolin (10 uM). However .  in the pres- 
ence of NaF (10.0 mM),  both the absolute reaction 
velocity and its value relative to basal activity were 
significantly lower (P < 0.001) in islets preincubated 
with C H X  (1.0 or 2.0 raM) than in control islets. 
The relative magni tude of the CHX-induced  impair- 
ment  in the responsiveness of adenylate cyclase to 
NaF  was not vastly different in islets first exposed to 
ei ther 1.0 or 2.0 mM CHX.  Thus, when the reaction 
velocity recorded in the presence of NaF was ex- 
pressed relative to the paired value found in the 
presence of forskolin,  the NaF/forskol in  ratio was 
not significantly different (P > 0.4) in islets pre- 
t reated with ei ther  1.0 mM C H X  (45.8 + 4 .2%) or 
2 . 0 m M  C H X  (51.2 -+ 5 .0%),  both values being sig- 
nificantly lower (P < 0.01) than that recorded in the 
control  islets (77.5 ± 1.7%). 

In the control  islets incubated for 60 min at 37 ° in 
the presence of D-glucose (16.7 raM), theophyll ine 
(1 .4mM)  increased three-fold ( P < 0 . 0 0 1 )  the 
amount  of cyclic A M P  recovered in the islets and 
incubation medium (Table 8). In the presence of 
theophyll ine,  a rise in D-glucose concentrat ion from 
1.7 to 16.TmM also increased (P < 0.001) the net 
product ion of cyclic AMP.  C H X  (1.0 raM) failed to 
affect significantly the net product ion of the nucleo- 
tide. The capacity of theophyll ine to increase the 
amount  of cyclic A M P  was of comparable  magnitude 
in CHX- t r ea t ed  and control islets. The enhancing 
action of D-glucose (16.7 mM),  albeit still significant 
(P < 0.05) in the CHX- t r ea t ed  islets, appeared some- 
what lower,  however ,  than in control islets, at least 
when expressed relative to the paired value found at 
low concentra t ion of D-glucose (P < 0.025 for the 
comparison between control and CHX-t rea ted  
islets). 

Protein kinase A activity 

When islets were preincubated for 30 min with 
C H X  (1.0raM) and then homogenized for the 
measurement  of protein kinase activity, both the 
basal and cyclic AMP-act iva ted  reaction velocities 
were lower (P < 0.02) than in control islets pre- 
incubated in the absence of C H X  (Table 9). Cyclic 
AMP,  in the presence of theophyll ine,  enhanced the 
reaction velocity in both control and CHX-t rea ted  
islets (P < 0.025), the relative magnitude of such an 
enhancing action being virtually identical in both 
cases (P > 0.95). 

Transglu:aminase activi O' 

When islets were preincubated for 60 rain in ei ther 
the absence or presence of C H X  (1.0 mM) and then 
homogenized  for measurement  of transglutaminase 
activity, the reaction velocity averaged in the 
CHX-t rea ted  islets no more than 10.3 + 5 . 3 %  
(N = 3; P < 0 . 0 0 5 )  of the paired control value 
(10.0 -+ 2.8 pmol/ is le t  per 60 rain). No inhibition of 
enzymic activity was found when C H X  was added 
directly to the assay medium in a concentrat ion 
(0.1 mM) exceeding that which could be attr ibuted to 
contaminat ion of the islets preincubated with CHX,  
these being washed twice prior to homogenizat ion.  

DISCUSSION 

The present data indicate that C H X  does not affect 
the capacity of nutrient secretagogues to cause a 
rapid and sustained decrease in [8~Rb] outflow from 
prelabelled islets perifused in ei ther the absence or 
presence of extracellular Ca z+. This finding is not 
incompatible with the knowledge that the catabolism 

Table 9. Effect of CHX upon protein kinase A activity 

Assay conditions No CHX* CHX (1.0 mM) 

Basal 1.025 -+- 0.077 (7)+ 0.693 + 0.035 (7) 
Cyclic AMP (0.1 mM) 

and theophylline (2.5 mM) 1.422 _+ (7.127 (7) (/.965 + (7./)92 (7) 
Cyclic AMP/basal (c4):~: 138.7 + 12.4 (7) 139.3 + 13.2 (7) 

* The islets were preincubated for 3(I min in the absence or presence of CHX 
(1.0 raM) prior to being homogenized for measurement of enzymic activity. 

+ The reaction velocity is expressed as pmol/islet per 5 rain. 
The paired ratio between cyclic AMP-activated and basal activity is expressed as 

a percentage. 
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of certain of these nutrients, especially D-glucose, is 
impaired in CHX- t rea ted  islets [1 ]. Thus, a maximal 
decrease in [S~'Rb I outflow is reached at con- 
centrations of nutrient secretagogues well below 
those required to cause a maximal secretory response 
[1 1]. Hence a partial decrease in nutrient catabolism 
mav coincide with a normal inhibition of [S~'Rb] 
outflow when nutrient secretagogues are used at 
concentrat ions of high insulinotropic efficienc\.  

The fact that Cf IX  impaired the capacity of glucose 
to dccrcasc [4>Ca] outflow (especially in the presence 
of extracellular Ca2*), to provoke a secondary rise 
in [4SCa] outflow and to stimulate insulin release 
could indeed reflect the alteration of glucose metab- 
olism by C H X  [1]. However .  in response to stimu- 
lation by 2-ketoisocaproate,  there was a dissociation 
between an unal tered capacity of the 2-keto acid to 
decrease [45Ca] outflow and a marked decrease of 
both the secondary rise in [aSCa] outflow and release 
of insulin ew)ked by 2-ketoisocaproate.  Moreover ,  
in the presence of k-leucine and l,-glutamine, the 
oxidation of which is unaffected [1] bx C H X  
( 1.0 raM), there was again a dissociation between an 
unaltered decrease in [aSCa] o u t f o w  and a marked 
increase of both the secondary rise in effluent radio- 
act ivi t \  and release of insulin. These findings clearly 
indicate that the CHX-induced  perturbat ion of cal- 
cium fluxes is not solely attr ibutable to changes in 
the metabol ism of nutrient secretagogues.  Instead, 
the present data suggest that CHX.  like the inhibitor 
of  glutathione reductase 1,2-bis(2-chloroethyl)-l-  
ni trosourea [12], may affect the intracellular distri- 
bution of Ca-+, especially the process of Ca: - -s t imu-  
lated Ca 2+ release from intracellular organelles 
thought to be responsible for the stimulant action 
of nutrient secretagogues upon [~SCa] efflux from 
prelabelled islets [13]. In this respect, there was a 
close parallel between the effects of C H X  upon the 
secondary rise in [aSCa] outflow and secretion of 
insulin, respectively,  both phenomena  being 
inhibited bv C H X  in islets st imulated b \  either D- 
g l u c o s e  or 5-ketoisocaproate and being enhanced by 
C H X  in islets exposed to l.-leucine and t,-glutamine. 
In the latter case. our results confirm [l] that the 
secretory response is increased in islets pretreated 
with C H X  ( 1.0 raM) prior to stimulation by t -leucine 
and L-glutamine. as was the case m our perifusion 
experiments ,  whereas it is ei ther little affected or 
markedly decreased when the islets are immediately 
exposed to both C H X  ( 1.0 and 2.0 mM. respecti', ely) 
and the two anlino acids (Table (1). 

In addition to and independent ly  of these changes 
in cationic fluxes, our data reveal that C t t X  
abolished, in glucose-st imulated islets, the insu- 
linotropic action of forskolin, theophyll ine and cvto- 
chalasin B. Even in islets st imulated bx I -lcucine and 
l -g lu tamine ,  and even under conditions in which 
the secretory response to these amino acids v, as 
unaffected by C t fX ,  forskolm was virtually unable 
to augment  insulin release. This is a most unustla] 
situation. Indeed,  whenexer  nutrient-st imulated 
insulin release is partially dccreased,  for instance as 
a result of ei ther inhibition of nutrient utilization or 
decreased ( 'a  2+ availability, the enhancing action of 
thc above-ment ioned  insulinotropic agents remains 
unaffected. Usua lh .  in o rder  to abolish the secretory 

response to forskolin, theophyll inc or cvtochalasin 
B, the control rate of nutrient-st imulated insulin 
release, as measured in the absence of these insu- 
linotropic agents, needs to be decreased to the basal 
value [2.3, 14]. Exen in such a case. the facilitating 
action of these agents upon insulin release may 
occasionally still be disclosed [3, 14]. 

Our measurements  of adenvlate cvclase actixitv in 
islet homogenate  and cyclic A M P  production t~\ 
intact islets indicate that the effect of Cf tX upon 
the secretory response to forskolin and theophylline 
cannot bc ascribed to an_v major  anomaly in the rate 
of cyclic A M P  synthesis. The activitx of protein 
kmase A was decreased in islets pretreated with 
Cf tX,  but the enzymic responsiveness to cyclic A M P  
was preserved.  Moreover ,  it seems unlikely that an 
impaired activity of the latter enzyme would account 
for the failure of cvtochalasin B to augment glucose- 
st imulated insulin release in CHX-t rea ted  islets. 
Indeed,  cvtochalasin B is thought to facilitate insulin 
secretion by acting at the level of the contractile 
microfi lamentous cell web and not through an',' pri- 
mary effect on cyclic A M P  generat ion [2]. An 
alternative explanation is suggested bv the finding 
that C H X  sexerely impaired the activity of transglu- 
taminase which was recently' proposed to participate 
m those motile exents required for both the con- 
version of proinsulin and the release of insulin [15- 
17]. In the B-cells exposed to CHX,  the ',irtual 
suppression of transglutaminase activity could thus 
prevent  the supply of secretory, granules to a readily 
releasable p o o l  or.  at least, impede  their a c c e s s  to 
the exocvtotic site, In considering this speculative 
proposal,  it should be realized that the capacity to 
release insulin, or at legist a modali tv for such a 
release, was not totally abolished in (~HX-treated 
islets. Indeed,  in such islets, the residual output 
of hormone evoked bv ~)-glucose apparently still 
corresponded to an active process of secretion, itself 
dependent  on both the metabolism of the hexose and 
the availability in extracellular Ca e- . 

In conclusion, the present data are compatible 
with the concept that CI iX. in addition to any effect 
that it may exert upon nutrient catabolism and ionic 
fluxes, indeed alters the functional capacity of the 
effector system for insulin release m the pancreatic 
B-cell, possibly through inhibition of transgluta- 
minase. Since the activity of the latter enzyme is 
modulated by its thiol/disulfide status [INf. it is 
tempting to speculate, but remains to be proved,  
that the advcrsc cffccl of ( ' t I X  upon the insulin- 
releasing effector s \ s tem is ,,econdar\ to zt fall in 
GSt t  content  of thc islet cells. 
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