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Summary Adrenalec tomy prevents development  
of obesity and hyperinsulinaemia in obese (fa/fa) 
Zucker  rats, thereby implicating the hypothalamo- 
pituitary-adrenal axis in the pathogenesis of obesity. 
In this study glucose-induced insulin secretion and 
glucokinase activity were investigated in isolated is- 
lets f rom adrenalectomized and control obese and 
lean female rats. Islets from control fa/fa rats were 
more  sensitive to glucose with a half-maximal effec- 
tive concentrat ion (ECs0) of 6.1 + 2.0 m m o l .  1-1 com- 
pared with 10.6 + 2.7 m m o l .  1-1 for adrenalectomized 
fa/fa rat islets. Adrenalec tomy did not alter the islet 
sensitivity to glucose in the lean rats (ECs0 of 
9 .4+1.5mmo1.1-1  and 9.3+2.0mmo1-1-1 for 
adrenalectomized and control lean rats respectively). 
Mannoheptulose  did not inhibit insulin secretion 
from control obese rats; however at concentrations 
of 1.0 mmol  �9 1-1 or more it significantly inhibited glu- 
cose-induced insulin secretion in adrenalectomized 
obese and lean, and control lean rat islets (p < 0.05). 

In adrenalectomized fa/fa islets the glucokinase K m 
was increased twofold compared with the control 
fa/fa rats (9.5 + 1.5 m m o l .  1-1 vs 5.0 + 1.5 m m o l .  1-1, 
respectively), but there was no significant change in 
g l u c o k i n a s e  K m in the lean rat islets after adrenal- 
ectomy. Mannoheptulose  (10 m m o l .  1-1) caused a sig- 
nificant reduction in glucose phosphorylat ion in dis- 
rupted islets of adrenalectomized fa/fa and lean, and 
of control lean rats, but not of control fa/fa rats. These 
data demonstrate  that development  of abnormal reg- 
ulation of glycolysis in pancreatic islet beta cells offa/ 
fa rats, as indicated by the insulin response to manno-  
heptulose and glucokinase activity, is dependent  on 
an intact hypothalamo-pituitary-adrenal  axis. [Diabe- 
tologia (1996) 39: 190-198] 

Key words Insulin secretion, mannoheptulose ,  adre- 
nalectomy, glucokinase, hypothalamo-pituitary-adre- 
nal axis, islets of Langerhans. 

Hyperinsulinaemia is a characteristic of human  obesi- 
ty and the genetically transmitted obesity syndromes 
of animal rodent  models including the Zucker  fa/fa 
rat [1]. The actual causes of hyperinsulinaemia in fa/ 
fa rats are not yet known; however, weaning to a 
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high-carbohydrate diet plays a significant role in the 
development  of obesity and hyperinsulinaemia in 
these rats [2]. Increased sensitivity to glucose of the 
pancreatic beta cells of fa/fa rats in both the pre- 
obese [3-5] and adult stages [6-9] is observed. This 
increased response offa/fa rats to glucose stimulation 
might be related to changes in the primary glucose 
sensing mechanisms of the pancreatic islet beta cells 
because sensitivity to other stimulants is not different 
f rom that observed in lean rats [9]. 

Glucokinase, for which there is growing evidence 
as the primary pancreatic beta-cell glucose sensor 
[10], is reported to have increased sensitivity to glu- 
cose in fa/fa rat isolated islets [11]. The activity of glu- 
cokinase in pancreatic beta cells is regulated by glu- 
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cose, increasing at high glucose levels and decreasing 
at low glucose levels both in vivo [12] and in vitro 
[13, 14]. Failure of the insulin response to adapt to 
changes in ambient glucose is reported in starved 
adult fa/fa rats in vitro [9] and in vivo [15]. 
Furthermore, fa/fa rats exhibit fasting hyperinsuli- 
naemia despite having blood glucose levels similar to 
lean rats [6]. Mannoheptulose (MH), which competi- 
tively inhibits glucokinase to block glucose-induced 
insulin release [16], is found to have a reduced effect 
on insulin secretion in isolated islets from adult and 
weanling fa/fa rats [9, 17], a phenomenon also report- 
ed in other genetically obese rodents, including cor- 
pulent (cp/cp) rats [18]. These changes in insulin se- 
cretory regulation may reflect early defects in pan- 
creatic islet glucokinase function. 

Adrenalectomy (ADX), when performed before 
weaning, prevents development of all hormonal, me- 
tabolic and behavioural abnormalities including hy- 
per insul inaemia  in fa/fa rats [19, 20] and these same 
abnormal i t ies  are part ial ly r educed  when  A D X  is car- 
r ied out  in adult  rats [21, 22]. The  effects of A D X  are 
reversed  by glucocor t icoid  r ep l acemen t  [20, 22]. The  
mechan i sm by which A D X  normal izes  or reduces  in- 
sulin secre t ion  is still not  clear; however ,  r educed  
food  in take  [21, 23], or  r emova l  of  the inhibi tory ef- 
fect  of cor t i cos te rone  on  the au tonomic  nervous  sys- 
t em activity to the endocr ine  pancreas  [20] may  bo th  
play crucial roles. We cons idered  that  A D X  might  
p reven t  hyper insu l inaemia  by al tering glucose meta-  
bol ism within the be ta  cells and dec ided  to s tudy glu- 
cokinase  funct ion because  of  its glucose sensing role  
and known  abnormal i t ies  in fa/fa rats. In this s tudy 
we invest igated the effects  of  A D X  on glucose-in- 
duced  insulin secret ion,  M H  inhibi tory  act ion and 
glucose phosphory la t ion  in isolated islets f rom lean 
and fa/fa rats. Weanl ing lean and fa/fa rats were  adre- 
na lec tomized ,  then  2 weeks  af ter  surgery the glucoki- 
nase activity and insulin secre tory  response  to glu- 
cose and M H  were  c o m p a r e d  to sham-ope ra t ed  con- 
trols. 

Materials and methods 

Animals. Four-week-old female Zucker lean and obese rats 
were obtained from Charles River Laboratories (St. Constant, 
Quebec, Canada) and housed four animals per cage according 
to their phenotype. They were maintained in an artificially lit 
room with a 12-h dark, 12-h light cycle and a constant tempera- 
ture of 22~ before and after they were either adrenaleeto- 
mized or sham-operated at 5 weeks of age. They were fed com- 
mercial rodent laboratory chow 5001 (Purina, St. Louis, Mo., 
USA) and tap water ad libitum. After surgery they were also 
given a NaC1/glucose solution (154 mmol-1-1 NaC1 and 40 
mg. 1-1 glucose) to drink ad libitum. 

ADX. Animals were fasted overnight and then weighed before 
surgery. They were anaesthetized i.p. using a mixture of so- 
dium pentobarbital (65 mg. ml 1) (MTC Pharmaceuticals, 
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Mississauga, Ont., Canada) and diazepam (5 rag. m1-1) (Sabex 
Inc, Boucherville, Quebec, Canada) in 154 retool. 1-1 NaC1 at a 
dose of 0.10-0.15 ml. 100 g body weight -1. Animals were either 
bilaterally adrenalectomized or sham-operated (and referred 
to as "control") using the ventral approach [22]. After 15 days 
solid food was removed from the cages overnight but the rats 
continued to have access to glucose/NaC1 solution and water. 
Before the pancreas was removed, the animals were weighed 
and 0.5-1.0-ml blood samples were collected in heparinized 
tubes from the tail vein of freely moving conscious rats. Plasma 
was collected by centrifugation and stored at -20 ~ for corti- 
costerone and glucose determination (glucose oxidase method; 
Beckman Glucose Analyser II, Fullerton, Calif., USA). Ani- 
mals that had no residual pieces of adrenal gland and with de- 
creased serum corticosterone levels were considered to be 
completely adrenalectomized and were included in the analy- 
ses. 

Islet isolation and culture. After blood was collected, the ani- 
mals were anaesthetized i.p. with sodium pentobarbital (65 
rag. kg body weight-I). Islets from ADX and control rats 
were isolated by a modification of the method of Van Der 
Vliet et al. [24] as described by Kibenge and Chan [17]. The 
islets were cultured overnight in Dulbecco's modified Eagle's 
medium (DMEM) (Gibco/BRL Canada Inc, Burlington, On- 
tario, Canada) supplemented with 1% antibiotic/antimycotic 
solution, 10 mmol- 1-1 4-(2-hydroxyethyl)-l-piperazineethane- 
sulphonic acid (Hepes) (Sigma Chemical Co, St. Louis, Mo., 
USA), 12.5 retool-1-1 glucose and 10% calf serum (Gibco/ 
BRL). By culturing overnight under standard conditions, im- 
mediate or short-term effects of the obese environment on is- 
let function should be removed, leaving us able to study rela- 
tively persistent or long-term changes in insulin secretory reg- 
ulation. Although culturing in various glucose conditions can 
result in changes in glucokinase function, conditions similar 
to those employed here in fact resulted in no significant chan- 
ges in glucokinase kinetic parameters compared with freshly 
isolated islets, even when the culture period was as long as 7 
days [14]. 

Insulin release and measurement. After overnight incubation, 
the culture medium was replaced with 1.0ml of fresh 
DMEM containing various glucose concentrations ranging 
from 0 to 25 retool. 1-1 and 0.1% gelatin (Gibco/BRL). M 
(Sigma) (0.10-100 mmol. 1-1) was added to the islet samples 
containing 5.5-25.0 mmol. 1-1 glucose, which were then stati- 
cally incubated for 90 rain at 37 ~ (95 % air, 5 % CO2, satu- 
rated with water vapour). The supernatant was collected by 
aspiration and stored until assayed. To measure the total in- 
sulin content of the islets, the islet pellet was boiled in 3 % 
acetic acid and then stored at -20 ~ until assayed. Immuno- 
reactive insulin was measured using a radioimmunoassay em- 
ploying z25I-porcine insulin as the tracer and rat insulin as the 
standard, with a sensitivity range of 37.5-1200 pmol �9 1-1. The 
insulin antiserum (Gp 01, raised in guinea pigs) was a gift 
from Dr. R.A. Pederson (University of British Columbia, 
Vancouver, B. C., Canada). Due to variability in pancreatic is- 
let size, mostly from obese rats [6], insulin release was routi- 
nely expressed as a percent of total islet insulin content. The 
half-maximal glucose concentrations (ECs0) were calculated 
using Fig. P (version 6.0) software (Biosoft, Milltown, N.J., 
USA). 

Corticosterone radioimmunoassay. Measurement of total se- 
rum corticosterone levels was carried out according to the kit 
manufacturer's manual (ICN Biomedical Inc., Montreal, Que- 
bec, Canada). 
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Table 1. Characteristics of ADX rats 2 weeks post-surgery 
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Parameter Treatment group 

ADX lean Control lean ADX fa/fa Control fa/fa 
Plasma corticosterone (~tg. m1-1) 
Islet insulin (umol. islet 1) 

(nmot �9 ~g protein -I) 
Plasma glucose (mmol - 1 i) 
Body weight (g) 5 weeks 
Body weight (g) 7 weeks 

0.08 + 0.02 (15) b 0.8 _+ 0.07 (16) 0.07 + 0.02 (18) b 0.8 + 0.06 (19) 
9.5 + 1.3 (15) 9.6 + 1.3 (16) 23.5 + 3.7 (13) a 25.8 _+ 5.5 (19) a 

16.3 + 1.5 (15) 17.7 _+ 1.8 (15) 31.0 _+ 3.0 (13) 40.6 + 8.6 (19) 
6.1 _+ 0.3 (10) 7.1 + 0.9 (10) 7.0 _+ 0.5 (11) 7.5 _+ 0.7 (13) 

85.9 + 2.1 (15) 89.4 + 2.0 (16) 134.5 + 3.6 (18) a 139.8 + 4.8 (19) ~ 
142.6 + 2.7 (15) 143.8 + 2.3 (16) 201.1 _+ 3.8 (18) a, b 225.4 + 5.2 (19) a 

Data are means _+ SEM of the number of animals (n). Plasma hormone and glucose values were determined in plasma samples ob- 
tained from animals that had no access to solid food for 16 h, but that continued to have access to water and the glucose/NaCl solu- 
tion (see Methods). 
a p < 0.05 compared with lean rats, unpaired t-test; b p < 0.05 compared with control rats of the same phenotype, unpaired t-test 

Glucose phosphorylating activity. Two weeks after surgery, is- 
lets from control and ADX rats were isolated and cultured as 
described above. The following day, batches of 25-30 islets 
were washed in glucokinase assay buffer containing 0.05 
mmol. 1-1 glucose. The assay buffer was Krebs-Ringer bicar- 
bonate supplemented with 10mmol.  1 -~ Hepes (pH 7.4), 
5 mmol. 1-1 MgATR 10 mmol. 1 -~ NaF, and glucose from 
0.05-16 mmol �9 1-1. After pelleting by centrifugation, the islets 
were re-suspended in 225 ~1 of assay buffer, containing glucose 
and other reagents as specified, and subjected to three freeze- 
thaw cycles at -70~ At zero time, o-[UJ4C]glucose (250 
mCi mmol. 1-1; Amersham, Oakville, Ont., Canada) was ad- 
ded and the disrupted islets incubated for 20 rain at 37 ~ The 
reaction was terminated by adding 30 ~1 0.25 mol- 1-1 EDTA 
in 2 tool. 1-1 glucose, and duplicate 60-~tl samples were subse- 
quently spotted on diethylaminoethyl (DEAE) cellulose filters 
(Whatman DE-81; VWR Scientific, Toronto, Ont., Canada) 
that retain phosphoric esters [25]. The radioactivity retained 
on the washed and dried filters was counted by liquid scintigra- 
phy. The protein content of the remaining sample was deter- 
mined by the Lowry method, using bovine serum albumin as 
standard. Samples without islet tissue served as blank controls. 

To determine hexokinase (ATP: D-glucose 6-phosphotrans- 
ferase, EC 2.7.1.1) activity, glucose concentrations from 0.05- 
0.50 mmol. 1 1 were used while 6.0-16.0 retool-1 1 glucose 
was used for glucokinase (ATP: D-glucose 6-phosphotransfer- 
ase, EC 2.7.1.2) activity measurement. Velocities were calcu- 
lated after correcting for specific activity and normalized by 
comparing to islet protein (Lowry method, Sigma). For gluco- 
kinase, values were corrected for hexokinase activity by sub- 
tracting VHEXOK~ASZ at 0.5 mmol. 1 -a glucose. Kinetic parame- 
ters were estimated from Eadie-Hofstee analysis of the data. 

Statistical analysis 

Data are expressed as mean + SEM and (n) refers to the num- 
ber of animals from which islets were isolated. Each data 
point is an average of duplicate samples from one animal. 
The insulin secretion data were analysed using two-way analy- 
sis of variance (general linear model) after arcsine transfor- 
mation [26] of the actual percent data shown in the figures, 
when testing for interactions between MH concentrations 
and experimental variables such as age, phenotype, and 
ADX. One-way analysis of variance was used when compar- 
ing effects of different doses of test drugs within phenotypes 
using Minitab version 7.1 (Minitab Inc., State College, Pa., 
USA), which was followed by the Student-Newman-Keuls 
test. The unpaired t-test was used when comparing responses 

produced by the same treatment between phenotypes or be- 
tween ADX and control rats of the same phenotype. Statisti- 
cally significant differences (p < 0.05) in K m o r  Vma X of gluco- 
kinase were determined using the general linear model fol- 
lowed by Student-Newman-Keuls test. All results were con- 
sidered significant at p < 0.05. 

Results 

Characteristics of  ADXrats. B o d y  weight ,  p l a sma  cor- 
t icos terone ,  and  islet insulin con ten t  were  c o m p a r e d  
in A D X  and cont ro l  rats  (Table  1). Cor t i cos t e rone  
levels were  r educed  by  over  90 % in bo th  A D X  lean 
and  ADXfa/ fa  rats. In  cont ro l  rats  the re  was no phe-  
n o t y p e  d i f fe rence  in the  p l a s m a  levels of  cort icoster-  
one. The  h o r m o n e  levels in the  contro l  rats  of  b o t h  
p h e n o t y p e s  were  h igher  than  those  prev ious ly  r epor t -  
ed in n o r m a l  rats  [27], which migh t  have  b e e n  due 
to the  stress of  fast ing and  b lood  col lect ion proce-  
dures. 

A D X  did not  have  any  significant effect  on the is- 
let insulin con ten t  in e i ther  p h e n o t y p e  (p = 0.656), al- 
t hough  ADXfa/ fa  rats  had  25 % less panc rea t i c  insu- 
lin con ten t  c o m p a r e d  with cont ro l  fa/fa rats  when  the  
da ta  we re  expres sed  as insulin con ten t  pe r  m i c r o g r a m  
islet prote in .  O b e s e  A D X  and cont ro l  rats  had  m o r e  
than  two t imes  m o r e  islet insulin con ten t  c o m p a r e d  
with the  lean groups  bo th  be fo r e  [17] and  2 weeks  
post-surgery.  T h e r e  was no effect  of  e i ther  p h e n o t y p e  
or  A D X  on  p l a s m a  glucose levels (p = 0.237). These  
glucose concen t ra t ions  were  h igher  than  those  m e a -  
sured  af ter  fast ing because ,  a l though  solid food  had  
b e e n  r e m o v e d ,  the an imals  still had  access to the  
NaC1/glucose solution.  

O b e s e  rats  we ighed  m o r e  than  lean  rats  at ages 
5 weeks  (be fore  A D X )  and 7 weeks  (15 days  post-  
surgery) .  C o m p a r i s o n  of b o t h  cont ro l  and  A D X  
groups  at 5 and  7 weeks  of age showed  a significant 
ef fec t  due  to b o t h  A D X  and age. Within  p h e n o t y p e  
c o m p a r i s o n  showed  tha t  while A D X  did not  affect  
the weight  gain p a t t e r n  in lean  rats, it s lowed weight  
gain by  1 1 %  infa/fa rats  (p < 0.05). 
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Effects of A D X  on insulin secretion. The effects of in- 
creasing glucose concentration on insulin secretion 
from islets of A D X  and control lean and fa/fa rats 
were measured (Fig. 1) and ECs0 values were cal- 
culated. In lean A D X  and control rats (n = 10 each) 
there was no significant difference in the calculated 
ECs0 (9.4 + 1.5 mmol .  1-1 and 9.3 + 2.0 mmol .  1-1, re- 
spectively). For A D X  fa/fa islets (n = 8) the ECs0 for 
glucose was 10.6 + 2.7 mmol .  1-1, while in the islets 
of control fa/fa rats ( n = 8 )  an ECs0 of 6.1 _+ 
2.0 mmol - 1 1 was calculated (p < 0.05), indicating re- 
duced glucose sensitivity in the A D X  fa/fa islets. In 
order to facilitate comparisons with other studies, 
and to demonstrate the absolute magnitude of change 
in insulin secretion induced by ADX, estimates of ab- 
solute insulin secretory values per islet are given in 
Table 2. However, the wide range of values obtained, 
which is due to considerable variation in islet size and 
hence insulin content, precludes the use of absolute 
insulin concentrations to calculate ECs0 values. 

Glucose (15 mmol .  1-1)-induced insulin secretion 
was measured in the absence or presence of MH 
(0.10-30mmol.  1-1) as described in Methods. The 
amount of insulin released was affected by MH 
(F (5,126) = 14.28; p < 0.0001), phenotype (F(1, 
126) = 7.50; p = 0.007), A D X  ( f  (1,126) = 33.64; 
p < 0.0001) and a phenotype/ADX interaction (F(1, 
126) = 49.55; p < 0.0001). An  MH concentration of 
1.0 mmol .  1 -I or higher significantly reduced insulin 
secretion by pancreatic islets of lean ADX, lean con- 
trol and A D X  fa/fa rats compared with their respec- 
tive glucose controls (p < 0.05, Fig.2). An effect of 
A D X  on MH inhibition of glucose-induced insulin 
release was observed only in pancreatic islets offa/fa 
rats, where MH inhibited insulin secretion in a dose- 
dependent  manner  (21.8-53.2 %). In isolated islets 
from control fa/fa rats MH did not produce any sig- 
nificant reduction in glucose-induced insulin release 
(p > 0.05) (Fig. 2B). The 1.0 mmol .  1-1 MH concentra- 
tion produced only a 5 % reduction in insulin secre- 
tion by pancreatic islets from control fa/fa rats com- 
pared with a 48 % reduction in control lean rats. 
Thus, A D X  increased the sensitivity of the fa/fa rat 
beta cells to MH inhibitory actions within 2 weeks of 
surgery. 

Since 15 mmol .  1-1 glucose induces maximal stim- 
ulation offa/fa rat beta ceils, we wanted to find out if 
MH would inhibit insulin secretion if sub-maximal 
glucose concentrations were used (Fig.3). Glucose- 
induced insulin release in the presence of 5.5 
mmol .  1-1 glucose was not significantly (p < 0.05) in- 
hibited with any MH concentrations used in isolated 
islets from either control or A D X  rats of both pheno- 
types (data not shown). MH (1-100 mmol .  1 2) inhibi- 
tory action was varied in the presence of 8.3 mmol - 1-1 
glucose. While there was no significant inhibition 
(p > 0.05) in either control and A D X  obese rat islets, 
30 and 100 mmol .  i -1 MH produced a significant re- 
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duction (p < 0.05) in lean control rat islets, and MH 
concentrations of 3 mmol/1 and higher significantly 
reduced insulin release in A D X  lean islets in the pre- 
sence of 8.3 mmol �9 1-1 glucose. At  a glucose level of 
25.0 mmol �9 1-1, MH concentrations of 3 mmol-  1-1 or 
higher produced significant reduction (p < 0.05) of in- 
sulin secretion from isolated islets of A D X  lean and 
fa/fa, and control lean rats. Similar results were ob- 
tained in isolated islets of control lean, A D X  lean 
and fa/fa rats using a glucose concentration of 
16.5 mmol .  1-1 There was no significant inhibition 
(p = 0.726 and p = 0.653 for glucose concentrations 
of 16.5 and 25 mmol-  1-1, respectively) of insulin se- 
cretion in islets of control fa/fa rats. 

Effect of A D X  on glucokinase activity. Glucose phos- 
phorylating activity of disrupted islet preparations 
was measured 2 weeks after A D X  or sham surgery. 
As shown in Figure 4, A D X  significantly reduced 
the total phosphorylation of glucose (hexokinase + 
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Table 2. Effect of ADX on glucose-stimulated absolute insulin secretion 
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Glucose concen- Insulin units 
tration (mmol .  1-1) 

Treatment  group 

A D X  lean A D X  control A D X  fa/fa Control fa/fa 
2.8 pmol �9 1-1 - islet -1 163 + 47 t22 + 28 720 +_ 128 1139 _+ 460 

range (53.7-391) (9.4-229) (100-1149) (295-4273) 

11.0 pmoi 1-1 - islet 1 791 + 281 406 + 75 957 + 205 1549 _+ 355 
range (44.9-2580) (126-643) (307-1626) (375-3968) 

22.0 pmol .  1-1 . islet ~ 772 + 147 502 + 133 1355 + 308 1757 + 487 
range (92.7-1497) (70.7-1086) (529-2391) (633-3968) 

Data are the means + SEM or (range of values) for the number of experiments reported in Figure 1 
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Fig.2A, B. Effect of ADX on MH (0.1-100 mmol. 11) action 
in isolated islets from ADX (m) and control ( , )  rats. A Lean 
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control for each group. **p < 0.05 ADX compared to control 
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glucokinase) in islets of fa/fa rats but had no signifi- 
cant effect in islets of lean rats. The reduced activity 
was due to altered glucokinase function, because 
A D X  had no significant effect on hexokinase func- 
tion in either phenotype (data not shown). Kinetic 
values obtained from Eadie-Hofstee analysis (Ta- 

ble 3) confirm that there was a trend to a leftward 
shift in the glucokinase K m of control fa/fa compared 
with lean rat islets, as found previously [11]. There 
was also a consistently lower Vm, • observed for fa/fa 
islet glucokinase (p < 0.05). Adrenalectomy caused a 
twofold increase in the K m of fa/fa islet glucokinase 
(p < 0.05) without altering the Vmax, thereby reducing 
the glucose phosphorylation velocity for any given 
concentration of glucose (Fig. 4B). In lean rats, A D X  
increased the Vm,x of glucokinase (Table 3) but this 
did not result in any significant change in total phos- 
phorylation of glucose in the physiological range 
(Fig.4A). 

MH was previously shown to have no effect on glu- 
cose phosphorylation in islets from fa/fa rats [11]. In 
this study, MH (10 mmol .  1 1) caused a significant re- 
duction in glucose phosphorylation in A D X  but not 
control fa/fa rat islets (Fig. 5B). MH inhibited gluco- 
kinase activity in both groups of lean rat islets 
(Fig. 5A). In both lean rat islets and A D X  fa/fa islets 
the inhibitory effect of MH was due to a twofold in- 
crease in the glucokinase K m (Table 3). 

Discussion 

Although A D X  is known to reduce insulin secretion, 
its effects on specific beta-cell biochemical pathways 
have not been reported. In this study we investigated 
A D X  effects on glucose response, glucokinase activ- 
ity and MH inhibitory actions in isolated islets from 
both lean and fa/[a rats. A D X  reduced glucose sensi- 
tivity in the A D X  fa/fa rat islets, increasing the ECs0 
from 6.1 mmol-  1-1 to 10.6 mmol .  1-1, comparable to 
control lean rat islets. Furthermore,  sensitivity of 
fa/fa rat islets to MH inhibition, which was reduced in 
all ages of rats tested [17], was nearly normalized by 
ADX. In intact adult lean rat islets, 10 mmol .  1-1 
MH reduced glucose-induced insulin release by 45 % 
but produced a non-significant reduction of 29 % in 
the islets from fa/fa rats [17]. In this study 
10 mmol .  1-1 MH significantly reduced glucose-sti- 
nmtated insulin release in isolated islets from ADX 
fa/fa, A D X  lean and control lean rats by 48, 57.6 and 
58.5 %, respectively but the same dose only produced 
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a 23 % reduc t ion  in fa/fa cont ro l  islets. The  lowest  
M H  concen t r a t i on  p roduc ing  a significant effect  was 
s imilar  in islets f r o m  b o t h  A D X  fa/fa, A D X  lean, 
and  cont ro l  lean rats  (1.0 m l n o l .  1-1) wi th  glucose 
concen t ra t ions  of  15 m m o l  �9 1-1 or  higher.  This s tudy 
clear ly d e m o n s t r a t e s  tha t  two specific be ta-ce l l  
lesions re la ted  to g lucose  m e t a b o l i s m ,  insensi t ivi ty to 
M H  and sensi t ivi ty to glucose,  are  d e p e n d e n t  on  the 
h y p o t h a l a m o - p i t u i t a r y - a d r e n a l  ( H P A )  axis in hyper-  
insu l inaemic  obese  rats. B ecaus e  M H  compe t i t ive ly  
inhibits  g lucokinase  it s eems  l ikely tha t  the  H P A  axis 
is a m o d u l a t o r  of  g lucokinase  funct ion  in islets. 

O u r  s tudy of g lucokinase  kinetics suppor t s  the  no-  
t ion tha t  no rma l i za t ion  of  b o t h  the  glucose and  M H  
sensit ivity of  the  insulin sec re to ry  r e sponse  occur  be-  
cause  A D X  modi f ies  g lucokinase  funct ion  in fa/fa 
rats. ADXfa/fa ra t  islet g lucokinase  d isp layed  a r ight-  
ward  shift in the K m for  glucose,  and  a fu r the r  in- 
crease  in K m u p o n  t r e a t m e n t  of  the  islets with M H ,  si- 
mi lar  to resul ts  in lean ra t  islets. Resul t s  in cont ro l  fa/ 
fa ra t  islets conf i rm our  p rev ious  resul ts  of  a le f tward  
shift in the K m and insensi t ivi ty to M H  c o m p a r e d  
with lean controls  [11]. A role  for  g lucokinase  is fur- 
the r  s u p p o r t e d  by ear l ier  results  indicat ing no differ- 

Table 3. Effect of ADX on glucokinase kinetic parameters 

Lean rats fa/fa rats 

K,, V ~  K m Vma x 
(mmol. 1 1) (pmol. gg protein -1 �9 h ~) (mmol - 1 -I) (pmol �9 Dg protein -1 �9 h q) 

Control 7.5 + 2.1 537 _+ 28 5.0 _+ 1.5 318 + 16 a 
+ MH 14.5 + 3.7 b 605 + 47 6.9 + 3.3 ~ 339 _+ 31 a 
ADX 8.8 _+ 2.0 684 + 19 b 9.5 + 1.5 b 304 • 33 a 
+ MH 17.4 + 3.8 b 503 + 36 20.8 + 3.6 b 385 _+_ 41 a 

Kinetic values were calculated using Eadie-Hofstee analysis (V vs V/S) after correcting for hexokinase activity at 0.5 mmol. 1-1 
glucose. Data are means + SEM for the number of experiments reported in Figure 5. 
a p < 0.05 compared with lean rats; 
b p < 0.05 compared with phenotype-matched controls 
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Fig.SA, B. Effect of ADX on glucokinase activity (pmol- 
~tg- protein -I �9 h -l) in the presence (open symbols) or absence 
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ADX lean ( . ,  [~, n =11) rat islets. MH significantly 
(p < 0.05) inhibited glucokinase activity in both groups of lean 
rat islets. B Control obese ( i ,  A, n = 8) and ADX obese ( , ,  
D, n = 6) rat islets. MH significantly (p < 0.05) inhibited gluco- 
kinase activity only in ADX obese rat islets (Table 3) 

ence in sensitivity to non-glucidic secretagogues in- 
cluding c~-ketoisocaproic acid, L-arginine, and qui- 
nine [9]. Glucokinase is a low-affinity glucose-phos- 
phorylating enzyme found only in liver cells and pan- 
creatic islet beta cells [10]. While the activities of both 
liver and pancreatic glucokinase isoforms are similar, 
gene expression of the isoforms is regulated different- 
ly because of tissue-specific promoter  regions of the 
gene [28]. Known regulators of islet beta-cell glucoki- 
nase expression and activity include glucose [13, 29], 
exercise [30], and starvation [12]. The data obtained 
in the current study are evidence that pancreatic glu- 
cokinase activity is also regulated by the HPA axis 
but does not indicate whether  glucocorticoids directly 
modulate  glucokinase or exert their effects via their 
influence on the anterior pituitary or hypothalamic 
nuclei. Results of studies investigating direct gluco- 
corticoid action on insulin secretion or biosynthesis, 
and on pancreatic glucokinase activity are not conclu- 
sive [31-34]. However,  glucocorticoids may increase 
pancreatic islet beta-cell glucokinase activity indi- 
rectly either by increasing glucose product ion by the 
liver or by acting through the HPA axis [35, 36]. 

Developmental  studies show that glucokinase 
m R N A  is present in pancreatic tissues of 2-day-old 
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rat pups [37]. Glucocorticoids are detected at very 
low levels in 6-12-day-old rats, but increase consider- 
ably by the end of the second week reaching peak 
levels by 24 days of age in rats [38]. It is during this 
period, in 17-21-day-old fa/fa rats, that enhanced 
parasympathetic nervous system potentiat ion of glu- 
cose-induced insulin secretion in fa/fa rats was ob- 
served [5]. A D X  performed in 18-day-old fa/fa rats 
abolished this parasympathetic nervous system effect 
in the fa/fa rat pancreas but it could be restored by 
corticosterone replacement within 24 h [20]. In- 
creased parasympathetic nervous system stimulation 
of glucose-induced insulin release in the fa/fa pan- 
creatic tissue was even observed in 5-day-old pre-ob- 
ese pups [3]. Al though not supported by experimen- 
tation to date, one could speculate that glucokinase 
activity is increased in fa/fa pups even at this early 
stage. The increased glucokinase activity is probably 
masked by the high-fat diet during suckling. 

A D X  or infusion of corticotrophin releasing hor- 
mone  (CRH) into cerebral ventricles results in body 
weight loss, reduced food intake, increased sympa- 
thetic nervous activity in the periphery and reduced 
insulin secretion in fa/fa rats and other obese rodents 
[39-42]. These observations have led to the hypo- 
thesis that the actions of corticosterone in obesity are 
due to an inhibitory action on central CRH, especially 
in the hypothalamic nuclei that are involved in the in- 
tegration of both endocrine and autonomic nervous 
system function in relation to energy balance [43, 
44]. Specifically in the fa/fa rat, it was concluded that 
lower CRH tone in the hypothalamus is due to defects 
in regulation of the HPA axis proximal to the region 
of the CRH system that mediates feedback inhibition 
of corticosterone secretion because the pituitary- 
adrenal axis had normal  response to a CRH challenge 
[44]. It then follows that the beta-cell biochemical de- 
fects observed in 5-week-old fa/fa rats might be under  
the control of an already abnormally-regulated HPA 
axis [45]. How increasing hypothalamic CRH levels 
modulate  peripheral  events such as insulin secretion 
is not precisely known; however, A D X  appears to in- 
crease sympathetic outflow relative to parasympa- 
thetic outflow by a CRH-media ted  mechanism [46, 
47]. Thus, it is tantalizing to speculate that a deficient 
sympathetic nervous system in the developing fa/fa 
rat pancreas causes reversible changes in glucokinase 
function. This idea is consistent with the data showing 
that exercise, which also alters sympathetic outflow, 
can decrease glucokinase activity [30]. 

In this study, A D X  did not cause the body weight 
of fa/fa rats to return to the same level as that  of 
lean rats. These results agree with those of other in- 
vestigators showing that A D X  performed at 5 weeks 
or later does not completely normalize fa/fa rat body 
weight to that of the lean rats, but reduces the rate of 
body fat accumulation in the A D X  fa/fa rats [23, 48]. 
Nor did A D X  affect pancreatic islet insulin content  
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in e i ther  lean or fa/fa rats. These  results concur  with 
those of F i edo rek  and P e r m u t t  [36] where  A D X  did 
not  affect  proinsul in m R N A  levels in 20 % sucrose- 
fed A D X  Sprague-Dawley  rats, but  did r educe  proin-  
sulin m R N A  in fasted or fed A D X  rats wi thout  su- 
crose supplement .  In our  s tudy bo th  A D X  and con- 
trol  rats had  unl imi ted  access to NaC1/glucose solu- 
t ion t h roughou t  the 15 days post-surgery.  Because  
the contro l  fa/fa rats in this s tudy gained more  weight  
than the A D X  fa/fa rats we the re fo re  r eached  the 
same conclusion,  i.e. tha t  glucocort icoids are not  es- 
sential  for  insulin synthesis if the animals have ade- 
qua te  plasma glucose. 

In conclusion,  changes in pancrea t ic  glucokinase 
activity are likely to con t r ibu te  to the d e v e l o p m e n t  
of hyper insu l inaemia  in the fa/fa rat. The  develop-  
men t  of  this lesion in the M H  response  is depen d en t  
on the p resence  of an intact  H P A  axis, and A D X ,  in 
this study, r e s to red  pancrea t ic  islet M H  sensitivity in 
isolated islets offa/fa rats. 
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