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The Influence of Age and Dietary Conditions on Diabetes in the Db Mouse 
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Summary. The mu tan t  mouse, C 57 BL/KsJ.db, deve- 
lops spontaneous diabetes with many  symptoms similar 
to  those observed in the  diabetic human.  Food  intake,  
body  weight, and p lasma insulin in the  db mouse were 
increased by  4 weeks of age and blood sugar by  7 weeks. 
The blood sugar continued to increase with age bu t  b y  3 
months p lasma insulin, pancreat ic  insulin, and body  
weight decreased despite continued elevated food intake.  
Blood sugar and plasma insulin could be stabilized and 
pancreat ic  insulin increased of young diabetics were kep t  
on a l imited diet.  Baseline glucose oxidat ion by  adipose 
tissue in  vitro was elevated in weanling db mice bu t  
depressed in older diabetics. The response to insulin of 
adipose tissue from older db mice was markedly  reduced 
and gluconeogenic enzymes were increased. These obser- 
vat ions suggested t ha t  diabetes in the  db mouse results 
from the eventual  inabi l i ty  of the  pancreas to control a 
continual,  abnormal ly  increased supply of glucose. In  the  
very  young diabetics, elevated plasma insulin and in- 
creased glucose oxidation by  the tissues (adipose tissue) 
mainta ined the glucose concentration at  a normal  level. 
I n  the  older db's, elevated food intake,  depressed glucose 
utilization, and continuous output  of glucose by  the liver 
produced a constant ,  severe stress on the be ta  cells, 
resulting eventual ly  in be ta  cell exhaust ion and in the  
development  of lethal  diabetes.  

Influence de t'dge et des conditions alimentaires sur le 
diab~te de la souris db 

~gsumd. La  souris du mu tan t  C57BL/KsJ-db dd- 
veloppe un diab~te spontan@ dent  beaucoup de symp- 
tSmes ressemblent ~ ceux du diab@te humain.  La  prise de 
nourriture,  le poids corporel et  l ' insulingmie de la souris 
db sent  augraentds d~s la 4e semaine, celle du glucose 
sanguin d~s l'&ge de 7 semaines. Le sucre sanguln continue 

augmenter  avec l'&ge mais, d@s le 3 roofs, l ' insulin6mie, 
le contenu du pancr@as en insulin et le poids corporel 
diminuent  en d@pit d 'une prise al imentaire 4lev@e. Le 
taux  de glucose sanguin et l'insulln@mie peuvent  @tre 
stabilisds, le contenu pancr@atique en insuline augmente 
si les jeunes animaux diab6tiques sent  soumis ~ une 
restr ict ion alimentaire.  - -  L 'ox ida t ion  basale du glucose 
pax le tissue adipeux in vitro est dlev@e chez la souris db 
apr@s le sevrage, mais abaissde ehez los animaux dia- 

bdtiques plus &ggs. La  rdponsc du tissu adipeux a Fin- 
suline chez les souris db &gdes est consid@rablement 
diminu@e et l 'act ivi t6 des enzymes de la glucon@ogdn&se 
est augment6e. Ceci suggSre que le diab&te de la souris db 
serait  d~ au fair qu 'a  la longue, le pancr@as ne peut  con- 
trSler une product ion de glucose continuellement et  
anormalement  augmentde. Chez les trSs jeunes anirnaux 
diab6tiques, l ' insulin6mie @levee et  l 'oxidat ion accrue du 
glucose par  les tissus. (tissu adipeux) contr ibuent  a main- 
tenir  le t aux  de glucose ~ niveau normal.  Chez les souris 
db plus &gdes, uue prise al imentaire  augment6e, une 
ut i l lsat ion abaiss6e du glucose et la production continue 
de glucose par  le foie provoquent  un stress constant  et 
s@v~re sur les cellules fl, qui fruit quelquefois par  6pulser 
ces derni~res et conduit  ~ un diab~te 16thal. 

Einflufl yon Alter und 1Vahr~ngsaufnahme auf das 
diabetische Syndrom tier dbdb-Maus 

Zusammenfassung. Die l~Euse des Stammes C57BL/  
KsJ-db entwickeln spontan ein hyperglyk~misches Syn- 
drom, das dem Diabetes des 1Vieuschen in mancher  I~n-  
sicht entspricbt.  Nahrungsaufnahme, K6rpergewicht  und 
Plasmainsul inkonzcntrat ionen der db/db l ~ u s e  waxen 
bereits  im Alter  yon 4 Wochen, die Blutzuckerkonzentra-  
t ion im Alter  yon 7 Woehen erh6ht. W~hrend die Blut-  
zuckerkonzentrat ionen mi t  steigendem Alter  progressiv 
anstiegen, begannen nach dem 3. Mortar Plasmainsulin- 
konzentrat ion,  Insul ingehalt  des Pankreas  und KSrper-  
gewicht abzusinken, obwohl die t Iyperphagie  weiterhin 
anhielt .  Kalor ienrestr ikt ion bei jungen Tieren fiihrte zu 
einer Stabilisierung yon Blutzucker- und Plasmainsulin- 
konzentrat ionen und zu einer Zunahme des Insulinge- 
hal ts  des Pancreas. In vitro zeigte das Fet tgewebe eben ab- 
gestillter db/db Mause erhShte Glucoseoxidation, wahrend 
dasj enige alterer diabetischer Tiere sowohl spontan als auch 
in Gegenwaxt yon Insulin weniger Glucose oxidierte. Die 
Akt iv i ta ten  der Schllisselenzyme der Gluconeogenese in 
der Leber waxen bei db/db l~ausen erhSht. Es wird ange- 
nommen, dal~ der Diabetes der db/db Maus auf die Un- 
fahigkeit  des Pankreas  zuriickzufiiin-en ist, den kontinuier  - 
lich erhShten Anfall yon Glucose zu bew~ltigen. 

Key-words: Spontaneous diabetes, heredity,  mouse, 
age, diet,  db-mouse, insuhn, B-cells. 

The  d iabe t ic  mouse  (db) was first  descr ibed  b y  
H u m m e l  et al. [8] a n d  some of the  charac te r i s t i c  
changes in  th is  d iabe t ic  an ima l  were def ined in  more  
de ta i l  in  l a t e r  pub l ica t ions  b y  Coleman and  H u m m e l  
[2, 3]. T h e  s tudies  p resen ted  in  th is  p a p e r  were done to  
fu r the r  charac te r ize  the  changes which  occur  wi th  age 
in  t he  db mouse,  a n d  to  de te rmine  the  influence of 
r e s t r i c t ed  d ie t  on these  changes.  

Materials and Methods 

Animals. All  C 57 BL/KsJ-db (db or d iabet ic)  a n d  
C 57 B L / K s J  (KsJ  or  nondiabe t ic )  mice were o b t a i n e d  
f rom the  J a c k s o n  Labora tor ies ,  B a r  Ha rbo r ,  Maine.  

Al l  were males  e x c e p t  severa l  an imals  used in  the  l im- 
i t ed  d ie t  s t u d y  as descr ibed  below. Animal s  were fed 
P u r i n a  Mouse Breeder  Chow a n d  m a i n t a i n e d  in  p las t ic  
cages wi th  s ta inless  s teel  d iv iders  wi th  each cage di- 
v i d e d  in to  four  equa l  pa r t s .  

Limited diet studies. I n  one group,  ad  libitum and  
l i m i t e d  d ie t  s tudies  were s t a r t e d  a t  6 weeks of age a n d  
in  t he  second group,  a t  9 weeks of age. Those an imals  
which  were s t a r t e d  a t  6 weeks were con t inued  on the  
d ie t  for 3 mon ths  a n d  those  s t a r t e d  a t  9 weeks  for 
2 ~ months .  The  an imals  on l imi t ed  d ie t  received 2.5 g/ 
24 h. D a t a  f rom these  two s tudies  were pooled  since 
iden t i ca l  resul ts  were o b t a i n e d  in  each s tudy .  Al l  excep t  
4 of t he  K s J ' s  were males  (2 females  in  t he  ad libitum 
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group and 2 females in the limited diet group). In  the 
db group, all were males except I on the ad libitum diet 
and 1 on limited diet. Pancreatic insulin and glucose- 
1-~aC oxidation by  adipose tissue were measured at  the 
end of the limited diet study. Body weight, Mood sugar 
and plasma insulin were measured at  intervals during 
the course of the experiment. 

Glucose tolerance study. Glucose tolerance studies 
were done by  injection of 2 g/kg of glucose I .P.  after 
an overnight fast  (approximately 18 h). Blood sugars 
were measured at  �89 or 2 h following glucose injection. 
Fed and fasted blood sugars and plasma insulins were 
also measured in these mice at  lea@ 2 weeks prior to 
the glucose tolerance test. 

Food intake measurements. ]Pood intake was meas- 
ured by  a relatively crude method which did not con- 
trol waste and it  was assumed tha t  each animM would 
waste approximately the same percentage of food. 
Food intake was measured by  difference in weight over 
5- -7  day  periods. In  young mice it  was measured for 
one 4-day period from age 27--31 days of age in the db 
mice and 29--33 days of age in the K s J  mice. In  the 
older db's and Ksg's ,  food intake was measured in one 
group from 6--14 weeks and in the second group from 
8--20 weeks of age. Food intake of db mice was the 
same in both experiments. This was also true of the 
KsJ ' s .  Therefore, the data from both studies were 
pooled. 
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Fig. 1. Weight change with age in db and KsJ mice 
[] = d b  mice 
@ = KsJ  mice 
I = Standard error of the mean 
( ) =  Number of animals 
, = P<0.05  
** = P <  0.001 

Biochemical and tissue analysis. Blood samples used 
for blood sugar and plasma insulin analysis were ob- 
tained from the orbital sinus [11]. Glucose was analyzed 
in whole blood by  the AutoAnalyzer micro procedure 
which uses a modification [5] of a method described by  
Hoffman [7]. Plasma insulin was determined by  a 
modification [6] of a double ant ibody system orig- 
inally described by  Morgan and Lazarow [9]. Glucose 
oxidat;on by  epididymal adipose tissue was studied in 
vitro by  a procedure described previously [5] and 

measured idC0~ released by  tissues incubated in vitro 
for 90 rain in a buffer eontaflaing glueose-l-XdC. Pan- 
creatic insulin was determined in extracts of tissue pre- 
pared by  grinding the individual pancreas in an acid 
alcohol solution [6] and the assay was carried out on 
several dilutions of the crude extract  by  the double 
ant ibody technique. 

Results 

Diabetic mice were slightly heavier than  the non- 
diabetic animals a t  4 weeks of age and gained weight 
more rapidly until 2 months of age when body weight 
plateaued a t  approximately 40 g. The body weights of 
normal animals reached a plateau of 20--22 g at 
approximately 2 months. Between the ages of 4.5--9 
mouths,  diabetic animals lost approximately one-third 
of their weight while normal animals maintained their 
body weight (Fig. 1). 

Table 1. Studies on young db and K s J  mice 

No. Type Age Blood Plasma Body Food 
(days) sugar insulin weight intake 

(EzUlml) (g) 

12 Ks;I 31 125-t-4 25-t- 2 10.2• 2.8 a • 
10 db 29 124,4-5 138,4.22 12.3/=1 a 5.2bc-4-0.4 

Measured 29--33 days of age. 
b Measured 27--31 days of age. 
e p =  < 0.01 
a p =  < 0.05 
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Fig. 2. Effect of age on plasma insulin of db and Ks3 mice 
[] = db mice 
Q ---- Ksff mice 
I = Standard error of the mean 
( ) -= Number of animals 
* = P < O . O O i  

As early as 1 month  of age and throughout  the 
observation period, the diabetic mice consumed 5- -6  g 
of food/day/animal while the controls consumed 2.5-- 
3 g of food/day/animal (Table 2). 

The plasma insulins of db mice were elevated by  
4 weeks of age and increased until the animals were 
2.5 months of age, after which they began to decrease 
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toward control levels by 3 - -4  months of age (Fig. 2). 
The plasma insulins of the KsJ  mice remained rela- 
tively constant throughout this time period (Fig. 2). 
Fasting plasma insulins were lower than fed plasma 
insulins in both the db and KsJ  mice. However, the 
fasting insulins in the db mice were higher than the fed 
insulins of the KsJ  mice. 

Table 2. I'ood intake of db and K s J  mice 

:No. Type Age during food Average intake 
measurements (g/24 h) 

8 :KsJ 7--17 weeks 2.94-0.2 
5 db 7--17 weeks 5.84-0.4 ~ 

12 KsJ 29--33 days 2.84-0.1 
10 db 27--31 days 5.2/=0.2a 

a _ _p < 0.01 between KsJ and db mice. 
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Fig. 3. Effect of age on blood sugar of db and KsJ mice 
[] = db mice I = Standard error of the mean 
�9 = Ks3 mice ( ) = Number of animals 

Pancreatic insulin of db mice was slightly decreased 
by 4 weeks of age and continued to decrease for about 
2--3  months to a value less than ~ of normal. Pan- 
creatic insulin of the control mice remained fairly 
constant with age (Fig. 4). 

Baseline oxidation of glueose-l.14C by adipose tis- 
sue in  vitro was elevated in tissues from 4-week old db 
mice and the response of these tissues to insulin was 
normal or slightly elevated. Tissues from 2.5 month or 
older diabetics showed a reduced baseline glucose oxi. 
darien and reduced response to insulin (Fig. 5). 

Gluconeogenic enzymes and glycolytic enzymes of 
the liver were elevated in 2-month old db mice. By  
4.5 months, the gluconeogenie enzymes had increased 
further but the glyeoly~ie enzymes had decreased [1]. 
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Fig. 4. Pancreatic insulin of db and Ks$ mice 
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Fig. 5. Effect of age on glucose 1-14C 
oxidation by epididymal fat pads of 

K s J  and db mice 
I = Standard error of the mean 

( ) = Number of fat pads 
* = P<O.05 
** = P < 0.001 
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Blood sugars of the diabetic mice were normal at  
4 weeks, but  increased throughout the 3- -4  months of 
observation to a maximum of over 500 mg%. The 
greatest rate of increase occurred when the plasma in- 
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sulin and body weight began to fall. Blood sugars of the 
nondiabetics remained stable during the period of ob- 
servation (Fig. 3). Fasting blood sugars were lower than 
the fed sugars in both groups of mice, but  the fasted 
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sugars  of db mice were h igher  t h a n  the  fed  sugars  of 
no rma l  mice.  

Glucose to lerance  va lues  in  t he  db mice were abnor-  
mal .  Blood  sugars  were e l eva ted  ~ a n d  2 h af te r  the  
glucose load.  Despi te  e l eva ted  b lood  sugars,  p l a sma  
insulins were no t  as high as those  observed  in  the  
fas ted  s t a t e  14- -22  days  earlier,  b u t  t h e y  were st i l l  
h igher  t h a n  insulins f rom cont ro l  an imals  (Table 3). 
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Fig. 6. Glucose 1-z~C oxidation b y  epididymal  fat  pads  of 
Ks;F and db mice on ad  l ib i tum or l imited diet 
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Fig. 7. Effect of l imited diet on body weights of db and 
Ks;[ mice 

[] - -  Ad l ib i tum ( ) = Number  of animals 
o = Limited diet I = S tandard  error of the mean 

Effect of limiting diet: W h e n  db mice were p laced  on 
a l imi t ed  d ie t  of 2.5 g of food /day /an ima l ,  some of the  
d iabe t ic  s y m p t o m s  were minimized .  B lood  sugars  of 
t he  db mice on the  l imi ted  d ie t  s tab i l ized  a t  p re -d ie t  
levels while b lood  sugars  of db animals  on an  ad  lib die t  
con t inued  to  increase.  Blood  sugars  of cont ro l  mice on 
b o t h  ad lib and  l imi t ed  d ie t  r ema ined  cons tan t  th rough-  
ou t  the  exper imen t s  (Fig. 8). 

P l a s m a  insulins of db mice on l imi t ed  d ie t  s tabi l ized  
a n d  r ema ined  a t  r e l a t ive ly  h igh  levels while p l a sma  

insulins of the  db animals  fed ad  lib decreased %o near  
control  values  (Fig. 9). Panc rea t i c  insulins of db mice 
m a i n t a i n e d  on l imi ted  d ie t  increased  to  levels g rea te r  
t h a n  those  of control  mice. Pancrea t i c  insulins of db 
mice on an  ad libitum diet decreased to  below control  
values  (Fig. 4). 
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Fig. 9. Effect of l imited diet on plasma insulin of db and 
Ks3 mice 

[] = Ad l ibi tum 
o = Limited diet  

( ) = Number  of animals 
I = Standard error of the mean 
* = P<O.O1 

B o d y  weights  of db mice on a l imi ted  d ie t  increased 
a t  a s t e a d y  r a t e  dur ing  the  expe r imen t  (Fig. 7). B o d y  
weights  of d iabe t ics  on ad libitum diet began  to  in- 
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crease at  a slower rate after about 3 months of age so 
that  eventually their body weights were somewhat low- 
er than those of the mice on limited diet. The weights 
of the controls maintained on an ad lib diet and on 
limited diet increased slowly, with weights of those 
on ad lib diet being slightly higher than those on limited 
diet. I t  should be noted that  both ad lib and limited 
diet control groups ate approximately 2.5 g of food per 
day. 

The ability of the adipose tissue in diabetic animals 
to oxidize glucose and respond to insulin was not in- 
creased by maintaining the animals on a limited diet 
which was equivalent to what the control animals ate. 
Glucose oxidation and insulin response remained de- 
pressed in adipose tissue from animals on both limited 
and ad lib diets (Fig. 6). 

by  increased glueoneogenic enzymes and increased con- 
version of pyruvate to glucose [1], and 2. glucose utili- 
zation was decreased as shown by decreased glycolytic 
enzyme levels in the liver and decreased glucose oxida- 
tion by adipose tissue. As these conditions continued, 
the beta cells were apparently unable to keep up with 
the continuous and severe demands placed upon them: 
Supporting this were the observations of decreased 
pancreatic and plasma insulins. A continuation of this 
state resulted in final exhaustion of the beta cells and a 
severe and lethal diabetes. Apparently the beta cells 
of the db mouse were not able to meet the excessive 
demands for insulin as is the case of some of the other 
abnormal mice, such as the K K  [10, 4]. In  the K K  
mouse in contrast to the db mouse, the beta cells and 
pancreatic islets increase in number and size resulting 

Table 3. Blood sugar and plasma insulin from fed, fasted and during ~-of  2-h I .P.  glucose 
(2 g/kg) tolerance test (GTT) in Bar Harbor (db) diabetic mice 

Fed Fasted GTT 
Body Blood Blood Blood 

No. Type mouse weight a sugar Insulin sugar Insulin sugar Insulin 

(42)d (51) 

6 C57BL/KsJ19.8=]=0.3 1674- 8 32~= 5 764- 4e 8=t= 6 
6 db 31.64-0.2 b 4194-22 b 217• b 240~=431), e 112~-14b, c 

(60) (74) 

5 C 57 BL]KsJ 20.8• 0.8 
5 db 40.7• 0.5 b 

1434- 8 434- 7 85• 6 e 20+ 4 e 
421:~12 b 213:~24 b 172~:13b, e 153:J:28~, e 

(73) 
1/2-h GTT 
192~: 8 23• 3 
703:~26 b 67=[= 9 b 
(S8) 
2-h GTT 
125• 5 114- 2 
662=[=39 b 73• l0 b 

a At time of fed measurements. 
b p < 0.01 compared to C57BL/KsJ. 
e p < 0.01 compared to fed. 
d ( ) = age in days. 

The elevated level of glucormogenic enzymes was 
partially reduced and glycolytic enzymes increased 
when db mice were maintained on limited diet [1]. 

Discussion 

Data presented in this paper confirmed the results 
of Coleman and Hummel [2] and showed plasma in- 
sulin of db mice was increased at an early age but fell 
toward control levels by 12--16 weeks. Pancreatic in- 
sulin was generally decreased at all ages. Blood sugar 
was normal in young db mice but increased rapidly 
between 4--8  weeks of age. 

Increased glucose utilization may explain why the 
4-week old hyperphagie db mouse has normal blood 
sugar levels. The evidence for this is i increased con- 
version of glucose to COs in vivo [2], increased glucose 
utilization by adipose tissue, and increased glucose 
utiliization by liver as indicated by increased glycolytie 
enzymes [1]. With increased age, a number of changes 
occur in the db mice which result in the deterioration 
of their condition. The most striking changes observed 
were : 1. hepatic glucose output  was increased as shown 

in a continuous increased supply of insulin which is 
sufficient to satisfy the need. 

The available data do not allow definition of the 
earliest change in the db mouse. I t  is not clear if the 
first change is increased food intake or increased insulin 
secretion which would be expected to result in in- 
creased food intake [3]. There was little doubt that  the 
increased food intake was an important factor in the 
development of the diabetic syndrome in the db mouse 
since limiting the diet stabilized plasma insulin, reduced 
the gluconeogenic enzymes, increased hepatic glycoly- 
tic enzymes and elevated pancreatic insulin. Further, 
the data suggest that  diet limitations prior to pan- 
creatic exhaustion may allow the animal to cope with 
a slightly excessive supply of glucose. However, limit- 
ing the food intake did not normalize plasma insulin, 
body weight or response of adipose tissue to insulin. 
The fact tha t  limiting the diet to normal intake still 
allowed an excessive weight gain suggested that  the 
elevated insulin levels play an important role in the 
development of obesity in the db mice. 

If  the earliest change in the db mouse is to be de- 
fined, it seems clear that  food intake and plasma in- 
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sulins mus t  be measu red  f rom the  t ime  of b i r th .  I t  is  
possible  t h a t  expe r imen ta l  p rocedures  can be des igned 
to  control  food  consumpt ion  dur ing  the  p re -wean ing  
stage. I f  food res t r ic t ion  normal ized  insul in secret ion,  
i t  would  suppor t  the  hypothes i s  t h a t  t he  p r i m a r y  
change was increased  food consumpt ion .  
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