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Insulin and glucagon in spontaneously diabetic non-obese mice 
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Summary. To investigate the rrle of glucagon in the develop- 
ment of diabetes mellitus, spontaneously diabetic non-obese 
mice were studied before (group 1) and after the onset of dia- 
betes mellitus (group 2). In group 1, fasting blood glucose and 
insulin in plasma and pancreas did not differ significantly, 
while plasma glucagon was elevated (48.9 + 10.4 versus con- 
trol 18.6 _+ 6.0 pmol/1). In group 2, the insulin content of plas- 
ma and the pancreas were markedly reduced, whereas plasma 
glucagon was elevated (180.9+59.1pmol/1). When diabetic 
mice were treated with insulin for 4 weeks (group 3), plasma 
glucagon was markedly reduced compared with that of 

group 2 (30.3 __+ 9.0 pmol/1). In group 1, glucagon and gluca- 
gon-like immunoreactivity of the intestine were reduced. The 
glucagon content of the intestine was elevated in group 2. 
Group 3 elicited increased contents of gastric glucagon as well 
as intestinal glucagon-like immunoreactivity. We conclude 
that, in addition to insulin deficiency, hypersecretion of glu- 
cagon might contribute to the development and clinical 
course of diabetes mellitus in the non-obese diabetic mouse. 

Key words: Non-obese diabetic mice, pancreas, stomach, insu- 
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Al though the r61e of  glucagon in pa thophys io logy  of  
diabetes mellitus has been  suggested [1], it's effect on 
the deve lopment  of  diabetes mellitus in man  is still ob- 
scure. Since there have been m a n y  difficulties in study- 
ing changing A-cell function o f  the pancreat ic  islets 
over  a long period of  t ime in h u m a n  diabetes,  spontane-  
ously diabetic animals  have been investigated. Most  au- 
thors deal with glucagon secretion in animals  which are 
characterized by  obesity, hyperglycaemia  and  hyperin-  
sul inaemia [2-5]. In  contrast,  a few studies report  the 
presence o fg lucagon  in p lasma  and the pancreas  of  dia- 
betic animals  with ketosis [6-9]. Recently, spontaneous-  
ly diabetic mice have been described which revealed a 
decrease in body  weight, sudden onset o f  diabetes, insu- 
litis and  insulin deficiency, and have been  n a m e d  non- 
obese diabetic mice ( N O D )  [10]. Previous experimental  
studies indicate that  N O D  mice could be regarded as a 
model  for Type 1 ( insulin-dependent)  diabetes in m a n  
[10]. Therefore,  the present  study was per formed using 
N O D  mice to investigate changes in insulin and  gluca- 
gon  levels in the deve lopment  of  diabetes. 

Materials and methods 

Animals 

Spontaneously NOD female mice were used from the ICR strain at 
the Shionogi Laboratory, Shiga, Japan. The animals were fed a com- 
mercial diet CA-1 ad libitum (Clea Japan Inc., Tokyo, Japan). To in- 
vestigate the changes in pancreatic islet function, the experimental an- 
imals were divided into three groups: mice before development of 
diabetes (n= 14, group 1, aged approximately 60 days), and mice with 

overt diabetes at the age of 120 days (n = 10, group 2). Furthermore, to 
see the effect of insulin treatment, diabetic mice aged approximately 
140 days were administered insulin (MC monotard insulin, Novo In- 
stitute, Denmark) at a daily dose of 40 U/kg of body weight for 
4weeks (n=7, group 3). Ten female ICR mice aged 60, 120 and 
150 days served as the three control groups. In group 3, experiments 
were performed approximately 20 h after the last injection of insulin. 
All the animals were anaesthetized with an intraperitoneal injection 
of Nembutal (6 rag/100 g body weight) after an overnight fast, and 
blood was obtained from the inferior vena cava with a heparinized sy- 
ringe. After exsanguination, the pancreas, stomach and small intestine 
were removed, frozen immediately and kept at -20  ~ until extrac- 
tion of hormones. 

Methods 

Blood glucose was determined by the glucose oxidase method, using 
the blood sugar-GOD-Perid test (Boehringer, Mannheim, FRG). For 
the measurement of hormones, blood samples were collected in glass 
tubes containing aprotinin (500 U/ml blood, Trasylol, Bayer, Lever- 
kusen, FRG), and plasma was separated by centrifugation (1500g at 
4 ~ Plasma was kept at - 20 ~ until assayed. Plasma insulin (IRI) 
was determined by the method of Morgan and Lazarow [11]. Pork 
crystalline insulin was used as a standard. Glucagon was measured by 
radioimmunoassay using both C-terminal specific (G21) and non- 
specific antiserum (G25), as described elsewhere [12, t3]. In this stud); 
glucagon measured by specific antiserum was designated as immuno- 
reactive glucagon (IRG), and by non-specific antiserum as glucagon- 
like immunoreactivity. Insulin and glucagon were extracted from the 
pancreas, stomach and small intestine according to the method of 
Kenny [14]. 

Statistical analyses 

Statistical analysis was performed using the two-tailed Student's 
t-test. 
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Fig. 1. Body weight, b|ood glucose, plasma insulin and glucagon lev- 
els in NOD ([]) and control mice ([3). Group 1 consisted of 14 NOD 
and 10 control mice, group 2, 10 mice from each group and group 3, 
seven NOD and 10 control mice. -~" p<0.05; "a-*-p<0.01 and '~.X-p< 
0.001 versus respective control groups 
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Fig. 2. Weight of pancreas and its contents of insulin and glucagon in 
NOD (~) and control mice (n). See legend to Figure 1 for number of 
mice in each group. *' p < 0.05, '**' p < 0.01 and .~.~. p < 0.001 versus 
respective control groups 

R e s u l t s  

Body weight 

The mice in groups 1 and 2 weighed less than in their 
control groups (21.4 + 0.2 and 20.7_ 1.0 g versus 
24.4-+0.2 and 28.9-+0.2g, p<0.001; Fig.l). Insulin 
treatment increased body weight slightly (group 3), but 
this was still lower than that of the control group 
(24.3 _ 0.7 versus 30.4_ 0.2 g, p < 0.001). 

Blood glucose 

In group 2 blood glucose levels were elevated (10.5 -+ 
1.6mmol/1, p<0.01), while in group 1 they remained 
within the normal range (Fig. t). In spite of insulin treat- 
ment, blood glucose levels were still elevated in group 3 
(19.5 _+ 3.1 mmol/1, p <  0.001). 

Plasma IRI  and IRG 

The mean fasting plasma IRI level in group1 was 
9.6 _+ 2.0 mU/1, indicating no significant difference 
from the control mice (10.9-+0.8mU/1). However, 
mean plasma IRI in group 2 was markedly reduced 
(4.6 -+ 0.6 mU/1, p <  0.01). Plasma IRI was not measured 
in group 3 because of possible circulating insulin anti- 
bodies. The fasting levels of plasma IRG were elevated 
in group I compared with the control group (48.9 _+ 10.4 
versus 18.6_+ 6.0 pmot/1, p <  0.05). Furthermore, plasma 
IRG in group 2 was prominently increased compared 
with the control group (t80.9_+59.1 versus 8.0+ 
2.7pmol/1, p<0.001). After insulin treatment, plasma 
IRG was lowered in group 3, but the plasma IRG was 
still higher than that of the control mice (30.3 ___ 0.9 ver- 
sus 7.6 -+ 3.9 pmol/1, p < 0.05). 

Hormone in tissues 

There was no difference between the weight of the pan- 
creas in group 1 and its control group (117.4_+ 4.5 versus 
113.9_+ 5.9 mg). In contrast, the weight of the pancreas 
was markedly diminished in group 2 compared with its 
control group (121.6+ 10.6 versus 162.7_+ 7.9 mg, p <  
0.01). However, in group 3 the weight of the pancreas 
increased after insulin treatment and there was no sta- 
tistical difference in the weight of these pancreases and 
those in the control group (164.9 +_ 12.1 versus 191.0__+ 
8.6 mg; Fig. 2). 

The changes in insulin content of the pancreas were 
parallel to those in the weight of the pancreas (Fig. 2). 
The insulin content did not differ in group 1 (0.499 _+ 
0.103 mU/mg), but was markedly reduced in group2 
(0.006 __+ 0.0018 mU/mg, p < 0.001) compared with con- 
trol groups, After insulin treatment (group 3), insulin 
content increased but was still lower than that of the 
control group (0.575 -+ 0.034 versus 0.681 _+ 0.029 m U /  
rag, p<0.05). A similar tendency was observed in the 
difference of the total insulin content of the pancreas 
(data not shown). 

In contrast, the glucagon content of the pancreas in 
the experimental groups did not differ significantly 
from that of the control groups (Fig. 2). The total glu- 
cagon content of the pancreas did not differ in groups 1 
and 3, while it was significantly reduced in group 2 
compared with its control group (65.4+5.8 versus 
112 -+ 145 pmol/total pancreas, p < 0.02). 

In general, smaller amounts of glucagon were ob- 
served in the stomach and intestine (Fig. 3). Gastric IRG 
in groups I and 2 did not differ from that of the control 
groups but was significantly increased in group3 
(20.5 -+ 3.0 versus control group 4.8 _+ 1.2 pmol/g, p <  
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Fig.3. Tissue glucagon and glucagon-like immunoreactivity in NOD 
( ~ ) and control mice ([~). See legend to Figure 1 for number of mice 
in each group. * p<0.05, ~'p<0.01 and *x,*.p<0,001 versus re- 
spective control groups 

0.001). The IRG content of the intestine in group 1 was 
reduced but after the onset of diabetes it increased, av- 
eraging 266.3 + 10.3 pmol/g in group 2 and 142.3 + 
49.1 pmol/g in group3. The glucagon-like immuno- 
reactivity content of the intestine was reduced in 
group 1 but did not reveal any differences between 
group 2 and the control group. In group 3, however, glu- 
cagon-like immunoreactivity content was slightly in- 
creased compared with that of the control group 
(193.4 + 22.0 versus 118.5 + 21.3 pmol/g, p<  0.05). 

Discussion 
NOD mice were separated [10] from the CTS strain 
mice which in turn were derived from JCR-ICR mice 
and characterized by cataract with micro-ophthalmia 
[15]. According to previous studies, NOD mice revealed 
sudden onset of diabetes associated with marked loss of 
body weight, insulitis and insulin deficiency [10, 16]. 
Therefore, NOD mice can be classified into spontane- 
ously diabetic animals with ketosis. Biochemical find- 
ings of NOD mice resemble in part those of the BB rat 
[6, 7, 17] and the diabetic Chinese hamster [8]. 

In the study of spontaneously diabetic animals, it is 
necessary to use appropriate control animals. In the 
case of NOD mice, another strain of the CTS strain [10] 
or littermates which do not develop overt diabetes 
might be a reasonable control. However, they were not 
available in the present study and age-matched female 
ICR mice were studied as control groups. 

The present study demonstrates an increased fasting 
blood glucose and a low level of plasma insulin in 
group 2. The finding that the insulin content of the pan- 
creas was markedly diminished in group 2 is consistent 
with the clinical course of NOD mice and confirms pre- 
vious findings [10]. In contrast, there were no significant 

differences in fasting blood glucose or plasma insulin 
between group 1 and its control group. According to 
histological studies of NOD mice, lymphocytic infiltra- 
tion in the pancreatic islet (insulitis) has been observed 
at 5 weeks of age [10, t6]. Therefore, the pancreatic islets 
of the mice in group 1 are presumed to show such 
changes, because more than 60% of this strain develop 
overt diabetes [10]. 

Nevertheless, the plasma level and pancreatic con- 
tent of insulin in group i did not differ significantly 
from control mice. Recent studies indicated that lym- 
phocytic infiltration into the pancreatic islet occurs at 
4 weeks of the age, increasing gradually and reaching 
the final stage, when overt diabetes occurs [I8]. There- 
fore, the results obtained in the present study, coupled 
with morphological observations, suggest that only le- 
sions of long duration and severity in the islet could 
lead to the development of diabetes mellitus. 

In contrast, plasma glucagon increased in both 
groups 1 and 2. In a preliminary study, NOD mice re- 
vealed less suppressibility of plasma glucagon to hyper- 
glycaemia and a slight increase in plasma glucagon re- 
sponse to arginine [19]. The changes observed in 
group 2 were similar to those in the BB rat [6, 20]. Insu- 
lin treatment for 4weeks reduced plasma glucagon, 
which was still higher than that of the control group. 
These changes in plasma glucagon after treatment with 
insulin are already recognized in human diabetes [12]. 
From clinical observation, the elevated response of 
plasma glucagon has been attributed to insulin deficien- 
cy [21] or diabetic metabolic derangement [12]. There- 
fore, elevated plasma glucagon observed in group 2 
might be accounted for as a consequence of the diabetic 
state. The glucagon concentration in the pancreas of 
mice from group 2 did not differ from that in group 1, 
although the total glucagon content was reduced in 
group 2 compared with its control group. According to 
Fujita et al. [18], however, electron microscopic exami- 
nation of NOD mice revealed an increased function of 
the A cell of the pancreatic islet in an overt diabetic 
group. Therefore, it seems possible that glucagon is se- 
creted from the A cell much more in group 2. In addition, 
glucagon in the gut has recently been designated as ex- 
trapancreatic glucagon [22, 23], and was demonstrated 
to increase in the diabetic state [24]. Indeed, the gluca- 
gon content of the stomach was increased in group 3 
and that of the intestine was increased in group 2, com- 
pared with the control groups. Therefore, it is also likely 
that increased plasma glucagon observed in groups 2 
and 3 derives from the stomach and intestine. 

The present study also demonstrated an increase in 
plasma glucagon in group 1. Group 1 did not elicit any 
hyperglycaemia or a decrease of plasma insulin. There- 
fore, the increase of plasma glucagon in group I cannot 
be attributed to metabolic derangement. The glucagon 
content of the pancreas in group 1 increased slightly, al- 
though not significantly. Furthermore, the glucagon 
content in the stomach and intestine was slightly de- 
creased. The finding of pancreatic glucagon content is 
compatible with the morphological observation which 
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elicits a decrease in the number of B cells but not A cells 
[18]. Therefore, an increase in plasma glucagon in 
group I could be interpreted as an increased biosynthe- 
sis of glucagon in the pancreatic islet, although a de- 
creased degradation of glucagon in the tissues or a de- 
creased uptake of glucagon in the target organs cannot 
be ruled out. 

Recently one of the components of gut glucagon- 
like immunoreactive substance was purified and named 
glicentin [25]. It has been proposed that glicentin could 
be a precursor of glucagon [26]. However, the glucagon- 
like immunoreactivity in the intestine of groups 1 and 2 
did not exceed that of the control groups, whereas it 
was noted to increase slightly in group 3. This finding 
does not give support to the idea that glucagon is pro- 
cessed in the gut. 

It has been reported that the onset of diabetes in 
NOD mice is abrupt and accompanied by insulitis with 
disappearance of B cells [10, 16]. Although the precise 
mechanism of islet destruction is unknown, hereditary 
factors, virus infection, the influence of sex hormone 
and immunological abnormalities have all been sug- 
gested [10, 16, 27]. The strain studied develops insulin- 
deficiency diabetes, which has been used as a model for 
human Type i diabetes. In the present study, the plasma 
glucagon level was noted to increase even before the on- 
set of overt diabetes as well as after the development of 
diabetes. Therefore, it can be concluded that, in addi- 
tion to insulin deficiency, an enhancement of glucagon 
secretion might contribute to the development and 
progress of diabetes mellitus in NOD mice. 
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