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Summary. Prediabetic Chinese hamsters born of two 
ketonurie diabetic parents were hyperphagic from birth. 
Carcass lipids and total solids were increased but plasma 
and pancreatic insulin were not, suggesting that hyper- 
phagia was not due to hyperinsulinism, ttyperphagia was 
controlled by diet limitation of prediabetie pups. Diet 
limitation for the weaning period only did not alter 
development, of diabetes, but diet limitation for the first 
150 days significantly reduced onset and severity. These 
150 day diet-limited prediabeties were switched to non- 
restricted feeding and subsequently developed mild 
diabetes. Prediabetie siblings, fed ad libitum, developed 

glucosuria and ketonuria, and died prematurely compared 
with diet-limited siblings. Prediabeties limited to a 
normal food intake for 30 months have remained essen- 
tially elinicM]y normal. The data strongly suggest that 
appetite control mechanisms are abnormal prior to 
clinical signs of diabetes in the prediabetic Chinese ham- 
ster and that control of hyperphagia will retard and 
ameliorate the course of diabetes. 
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Studies on diabetic hamsters have shown tha t  
they have increased food consumption and growth 
rates prior to onset of glucosuria [1, 2]. These initial 
observations raised questions about the possible 
relationship of hyperphagia to the pathogenesis of 
diabetes in the Chinese hamster.  Init ial  studies on diet 
l imitation to control hyperphagia suggested tha t  i t  
may  play an impor tant  role in the development of 
diabetes in this animal [3]. This conclusion is supported 
by  similar observations in humans since restriction 
of food intake in man has been associated with a 
decreased incidence of diabetes. A decrease in the 
prevalence of diabetes was observed during the pro- 
longed siege of Paris in the France-Prussian War of 
1870 [4] and again in Europe during and immediately 
following World War I I  [5]. This paper  is an update 
on the previous report  [3] and an extension of those 
initial findings on diet l imitation of the prediabetie 
Chinese hamster. 

Methods 

I t  was found tha t  all Chinese hamster  pups born 
to a severely ketonuric diabetic dam and sire devel- 
oped diabetes [6]. This initial observation has been 
confirmed and extended to 160 offspring born to 
severely ketonurie diabetic Chinese hamsters, all of 
whom have become diabetic [7]. The Chinese hamsters 
studied in these experiments were all born from 
the mating of two ketonurie diabetic parents. Since 
all animals from this genetic background develop 
diabetes, they  were defined as prediabetie at  birth. 
All nondiabetie control hamsters were from inbred 
sublines tha t  had been free of diabetes for a minimum 
of five generations of continuous brother-sister mating. 
Nondiabeties are tested biweekly for glucosuria by  
Testape| and continuously test-negative. 

In  the initial studies, prediabetics and nonpre- 
diabetics of similar birth weight and litter size were 
compared for growth rate, blood sugar [8], plasma 
insulin [9] and pancreatic insulin [10]. Animals were 
fasted overnight and killed at  15 and 25 days of age; 
lipids [11], proteins [12, 13], and solids of the evis- 
cerated carcasses were determined. In  all cases, 
weights of all dams were similar (=j= 2 g) as were 
weights of all sires (~= 2 g); this consideration was 
important  since large parents tend to have larger 
pups than small parents. 

The effect of hyperphagia on the change from the 
prediabetic to the diabetic state was studied by 
limiting the diet of prediabetics from: a) birth to 
150 days, b) bir th to weaning and e) weaning to 
30 months of age. Food intake was limited during 
the preweaning period by fostering one half of each 
prediabetic lit ter into nondiabetie litters to make 
large heterogeneous litters consisting of 2 prediabetie 
plus 5 nondiabetie pups. The prediabetie litters 
averaged 4 pups while the nondiabetie litters were 
adjusted to 5. Thus, 2 prediabetics were fostered into 
the nondiabetie litters and forced to compete with 
the 5 nondiabetic pups, while their 2 prediabetic 
siblings were left with their natural  mother and did 
not have to compete for available nutrition. After 
weaning, diet l imitation to within normal range was 
accomplished by  feeding prediabetic animals 2.5 g/day 
of Purina Mouse Breeder Chow| [1]. Nonlimited pre- 
diabetic siblings were allowed food ad libitum. Ham- 
sters were individually housed under standard Upjohn 
Chinese hamster  colony conditions [14] and tested 
biweekly for glueosuria with Testape | After maximal 
Testape| values (4 ~-) were observed, they were also 
tested for ketonuria by Ketostix| 

In  the initial studies, prediabetie hamsters were 
switched from 2.5 g/day to non-restricted feeding at  
150 days of age. This was done to prove tha t  these 
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animals were actually prediabetie, since it had been 
shown tha t  Chinese hamsters in the Upjohn colony 
either develop diabetes by  5 months of age or remain 
glueosuria-free for life [15, 7]. In  two subsequent 
studies, effect of preweaning diet l imitation by  the 
fostering technique alone and the effect on the devel- 
opment of diabetes of postweaning diet l imitation 
(2.5 g/day) for 30 months have been evaluated. 

Results 

Birth weights of prediabetics and nonprediabetie 
control hamsters were similar (Table 1). At 15 and 
25 days, prediabetics were significantly heavier than  
controls when both types were raised in equal sized 

to obtain more nutri t ion than the 5 nonprediabetie 
offspring of their foster mothers was emphasized in 
the data from two experiments which had to be 
terminated at  24: days (Fig. 2). In  these experiments, 
the 15 day body weights of the fostered and non- 
fostered prediabeties are similar to those in Fig. 1, 
but  the nonpredi~betie pups of the foster non-diabetic 
mother had gained almost no weight. At 17 days of 
age they  appeared emaciated and lethargic. They 
were found dead on the 18th day. Pos tmor tem ex- 
amination suggested death due to s tarvat ion since 
there was no body fa t  and the gastrointestinal t ract  
resembled a thin thread. In  these two studies, it 
appears tha t  the prediabetics virtually excluded the 
nondiabetics from nursing activity. After elimination 
of the competit ion at 15 days, the slopes of the growth 

Table 1. Comparison of fasted prediabetie with nonprediabetie Chinese hamster pups of similar litter size and parent weight 
(Mean Values i S .E .M.)  

Measurement Newborn 15 Days old 25 Days old 
Nonprediab. Prediab. Nonprediab. Prediab. Nonprediab. Prediab. 

Number 15 18 9 9 6 9 
Bodyweight 1.6j:0.2 1.75• 5.9 -t-0.2 7.9 4-0.4 a 9.8 :L0.4 12.2 =[=0.03 a 

(g) 
Blood sugar - -  - -  85 ~=4.6 88 4-[=5.0 89 =~4.3 94 • 

(rag/100 ml) 
Plas. insulin -- -- 3.2 4-1.0 5.1 ~=1.6 9.3 ~=5.0 8.7 =~4.6 

(~ufml) 
Pan. insulin - -  - -  0.864-0.07 0.69 =j=0.08 0.55 :E0.1 0.49=[=0.001 

(U/gO 
'Careass lipids -- -- l . i  4-0.06 2.3 4-0.2a 2.9 4-0.8 4.3 =k0.1a 

(%) 
Careass solids -- -- 21.6 • 25,2 +0.8 ~ 27.3 =t=1.7 33.0 • 

(%) 
Carcass proteins - -  - -  14.9 4-1.8 16.5 • 19.0 ~=1.0 19.2 ~=1.0 

(%) 

P <  0.01 

litters. Fasting blood sugar, plasma insulin and 
pancreatic insulin levels of prediabeties did not differ 
from nonprediabeties at either 15 or 25 days of age. 

Total lipids and solids were significantly increased 
in the eviscerated carcasses of prediabetics at 15 and 
24 days. 

Fostering prediabetics into large litters was an 
effective procedure for l imitation of dietary intake 
since body weight of the fostered prediabeties was 
significantly less than  their nonfostered siblings at  
15 days (Fig. 1). The significant difference in body 
weights of the fostered and nonfostered prediabeties 
was maintained during the last 9 days of suckling 
but  growth rates during this period appear to be 
similar since the slopes of the curves are similar. Even 
though the 2 fostered prediabetics had significantly 
lower body weights at 15 days than  their own natural  
nonfostered siblings, they still gained significantly 
more weight than the 5 nonprediabetic offspring of 
their foster mothers. This ability of the prediabetie 
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Fig. 1. Preweaning Chinese hamster body weights of 
nonfostered prediabeties of litter size 2 and fostered 
prediabeties with nonprediabeties of total litter size 7 
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curves for the surviving prediabeties are quite different 
from those shown in Fig. 1. In  this ease, the fostered 
prediabeties grew faster than their nonfostered sibs 
during the last 9 days of suckling so that ,  at  weaning 
on day 24, there was no significant difference in body 
weight. 

The significant difference in weaning body weights 
of nonfostered and fostered prediabeties in which 
all nondiabeties survived was maintained by limiting 
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Fig'. 2. Preweaning Chinese hamster body weights of 
nonfostered prediabeties of litter size 2 and fostered 
prediabeties with nonprediabeties of total litter size 7 

rate of the prediabeties limited to 2.5 g/day was 
normalized as shown in Fig. 4. Growth curves of 
nondiabetie weanlings fed ad libitum were similar to 
those of the prediabeties limited to 2.5 g/day and of 
similar initial weights. The mean daily food con- 
sumption for the nondiabeties was 2.45 g/day. 

Diabetes developed very rapidly in the prediabetie 
Chinese hamster  pups which were not limited to a 
normal food intake (Fig. 5). At 40 days of age, 7 of 8 
prediabeties on non-restricted food intake had devel- 
oped glueosuria (4@ Testape| value). In  contrast, 
only 3 of the 9 prediabeties which were limited to a 
normal quant i ty  of food developed mild glueosuria 
(2 @ Testape| by  50 days of age and remained ag 
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Fig. 4. Comparison of growth rates of nondiabetie Chinese 
hamsters fed ad libitum and prediabeties limited to 2.5 g 

of food per day 
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Fig. 3. Effect of food restriction on body weights of pre- 
diabetic Chinese hamsters 

diet of fostered pups to an intake of 2.5 g/day (Fig. 3). 
The fostered prediabeties were maintained at  a 
significantly lower body weight than their nonfostered 
and ad libitum fed siblings for the entire 150 days of 
diet limitation. The only exception was at  94 days 
which is the t ime of sexual ma tu r i ty  in the Chinese 
hamster. The diet-limited animals had a rapid growth 
spurt  after the switch to non-restricted feeding, so 
tha t  after 14 days they were no longer significantly 
lighter than  their ad libitum fed siblings. The growth 
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Fig. 5. Difference in age of onset and severity of diabetes 
in diet-limited and ad [ibitum fed prediabetie Chinese 

hamsters 

2 @, but when switched to non-restricted feeding, 
glueosuria increased to 4 @ within a few days. The 
other 6 prediabeties which were fostered and subse- 
quently limited to 2.5 g/day did not develop glueosuria 
as long as they were limited to this quanti ty of food 
intake. However, within 50 days after placing these 
animals on non-restricted diet they all showed mild 
gheosur ia  (2@ to 3@). Further,  these animals 
remained very midly diabetic for their entire life span. 

Seven out of the eight hamsters fed ad libitum also 
developed ketonuria, but ketonuria never developed 
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in their siblings which were diet-limited for the first 
150 days (Fig. 6). 

I t  was also observed tha t  5 of 8 of the hamsters 
fed ad libitum died prior to 300 days of age (Fig. 7). 
The 3 tha t  survived beyond 300 days died prior to 
18 months of age. In  contrast, all the siblings which 
were diet-limited for the first 150 days survived beyond 
two years. 

The significant effect on body weight of pre- 
diabetics due to fostering into large litters was over- 
come during the first 14 days of non-restricted feeding 
after weaning (Fig. 8). Freweaning diet-limitation 
alone had no significant effect on onset or severity of 
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Fig. 6. Incidence of ketonurics in ad libitum fed versus 
diet-limited Chinese hamsters 
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Fig. 7. Mortality in ad libitum fed versus diet-limited 
Chinese hamsters 

diabetes, development of ketonuria or survival in 
these prediabetie Chinese hamsters. The results were 
similar to data shown for ad libitum fed animals in 
Figs. 5, 6, and 7. 

Limitation of diet to 2.5 g/day a f t e r  weaning 
resulted in a reduced growth rate, but  these diet- 
limited prediabeties slowly caught up to their ad 
iibitum fed siblings (Fig. 9). At 200 days of age, body 
weights were no longer significantly different. How- 
ever, development of glueosuria was markedly different 
in these prediabetie hamsters (Fig. 10). The ad libitum 

I 
=~ lO 

. / , /  
. ~  / �9 --Not festered, prediebetic 

J ~ / �9 = Festared, prediabetie 
~ / /  I = Standard Error 

* = All diabetic by 90 days 

' 11) ~ 30 40 
AGE - DAYS 

Fig. 8. Body weights of fostered prediabeties fed ad 
tibitum after weaning 
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Fig. 9. Effect of diet restriction after weaning on body 
weight of prediabetics 
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fed siblings developed diabetes very rapidly; in some, 
diabetes progressed to ketonuria and premature 
death. Again, only 3 of the 12 animals which were 
kept on 2.5 g/day for 30 months showed a trace of 
glucosuria which was intermittent.  They have never 
progressed to consistent mild glueosuria and the 
other nine have never shown any glucosuria. 

Discussion 

The significant increase in body weight and carcass 
fat content supports the contention that  prediabetic 
Chinese hamsters are hyperphagic from birth. These 
results support and extend the previously observed 
hyperphagia of prediabetics following weaning [1]. 
Since plasma insulin levels were not elevated in the 
prediabeties, it can be concluded that  hyperphagia 
was not due to hyperinsulinism, which would be 
expected to increase food intake [16], and that  the 
increased body fat did not influence plasma insulin 
levels of the prediabetic. 

The observation that  prediabetic Chinese hamsters 
have preweaning hyperphagia suggests tha t  appetite 
control was abnormal at birth in these animals. I t  is 
not clear if this resulted from genetic or environmental. 
influence. Since all the prediabetics had ketotie dams, 
the intrauterine environment may be an important  
factor influencing the preweaning food intake. I t  is 
generally agreed that,  in man and animals, glucose 
crosses the placental barrier, and that  although fetal 
blood sugar levels are lower than maternal levels, there 
appears to be a significant correlation [17, 18]. There 
is also evidence to suggest tha t  elevated fetal blood 
sugar levels can produce relative fetal hyperinsulinism 
[19, 20]. Furthermore, it  is possible that  the high 
levels of maternal blood ketone-bodies may also pass 
the placental barrier. Thus abnormal blood levels of 
glucose, insulin and ketone-bodies, alone or in combi- 
nation, may influence the developing appetite control 
mechanisms of the prediabetic Chinese hamster in utero. 
Another possibility is tha t  genes, alone or in combi- 
nation with factors emanating from the maternal 
environment, may influence these developing appetite 
control mechanisms. I t  should be pointed out tha t  
only offspring from two ketonuric Chinese hamsters 
are predictably prediabetic (100~o incidence of dia- 
betes) and that  offspring of two nonketotie diabetic 
parents do not all develop diabetes [6, 7]. Further,  
it has been postulated that  ketonurie, diabetic ham- 
sters have a different genotype than nonketonuric, 
diabetic hamsters [21]. The possibility tha t  genetic 
background and maternal ketonemia may influence 
appetite control mechanisms in the prediabetic 
Chinese hamster neonate is supported by recent 
observations that  "hybrid prediabeties" from non- 
ketonurie diabetic parents of two different inbred 
sublines did not display accelerated growth or hyper- 
phagia during their prediabetie phase [21]. I t  is 

obvious that  similar data from prediabetics with 
similar genotypes to those studied here prenatally 
nutured in "nondiabetic" surroundings are needed 
to determine the influence of intrauterine environment 
on food intake and subsequent development of diabetes. 
Two approaches toward an answer to the above 
question are transplantation of the ovary from a 
ketonurie diabetic to a genetic nondiabetie, or trans- 
plantation of pancreas or islet to normalize the 
ketonuric diabetic mother. 

I t  is apparent that  the fostering procedure was 
effective in limiting food intake prior to weaning 
since the prediabetic pups did not grow as rapidly 
as their nonfostered siblings. The appetite drive, 
however, of the fostered prediabeties was greater than 
their foster mother's own pups since they gained 
significantly more weight. In two cases, the two 
fostered prediabeties apparently had such extreme 
hyperphagia tha t  the 5 nondiabetics were unable to 
obtain sufficient nutrition to maintain life (Fig. 2). 
I t  is interesting to note tha t  after the foster mother's 
5 pups died of starvation, the 2 remaining fostered 
prediabetics gained weight faster than their siblings 
left with their natural ketotie dam. This observation 
suggests that  quantitative or qualitative differences 
in milk from ketonurie or nondiabetie dams were not 
responsible for the different growth rates. In fostered 
litters where the nondiabetic pups survived (Fig. 1), 
growth rates were similar for both fostered and non- 
fostered pups from 15 to 24 days since the slopes of 
the growth curves are similar. This may be explained 
by the observation that  mothers with large litters 
have been known to soften food by chewing it  and 
then forcing it into their pups from 13 days until 
they are weaned. 

I t  should be pointed out that  fostering prediabeties 
into large litters and subsequent limitation of food 
to 2.5 g/day did not significantly alter body weight 
at weaning time, as compared with nondiabetics from 
litters and parents of similar size, or alter their subse- 
quent growth rate but  simply normalized it. This is 
shown in Fig. 4 where weaning weights of nondiabetie 
pups and subsequent growth curves are similar to the 
food-limited prediabeties. 

Lack of significant difference in body weight 
between prediabetics fed ad limitum and their diet- 
limited siblings at 94 days of age may be due to the 
advent of sexual matur i ty  when the growth rate tends 
to taper off. Variation of body weights of the ad 
libitum fed prediabeties was considerably greater 
than that  of the diet-limited group. This may be due 
to variable food consumption in the ad libitum fed 
group compared to the consistent intake of 2.5 g/day 
for the diet-limited animals. This is supported by 
recent observations that  food consumption is quite 
variable in the Chinese hamster [22]. In addition, the 
ad libitum fed animals developed diabetes of varying 
severity early, (Figs. 5 and 6) and this might also 
contribute to the variation in body weights. When 
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prediabeties were switched from limited to non- 
restricted feeding their food consumption increased 
to 3.0--3.5 g/day. I t  is interesting to note tha t  their 
food consumption remained at  this level for the rest 
of their lives (over 2 years) and never increased to the 
expected level of 4 to 5 g/day normally consumed by 
the diabetics [22]. This observation suggests tha t  
the diet limitation for the first 150 days of life has a 
prolonged effect on food intake. 

The data show that limiting food intake of the 
hyperphagic prediabetie hamster to the lower limit 
of normal (2.5 g/day) results in a milder diabetic 
and retards the onset of glucosuria. Further, diet 
limitation for only 150 days eliminated development 
of ketonuria which under normal circumstances 
would have been expected in some of these pre- 
diabetics [6, 7]. In  addition, all the ad libitum fed 
prediabeties died prior to 18 months, while all their 
150 day diet-limited siblings survived for just over 
two years. These observations are consistent with 
epidemiologieal findings from the Upjohn colony 
[21, 15]. Limitation of diet only during the preweaning 
period did not alter the development of diabetes, 
suggesting tha t  diet l imitation must  persist beyond 
the weaning age of 24 days. Diet l imitation to 2.5 g/day 
from weaning for 30 months resulted in a slower 
growth rate in the prediabeties as compared to their 
ad libitum fed siblings, but  they eventually attained 
similar body weights. Prolonged diet limitation, 
however, essentially prevented development of dia- 
betes in these prediabetics and their life expectancy 
was normalized [21]. Since dietary restriction for 
long periods of t ime is difficult, it will be of interest 
to determine if diet l imitation from weaning to 100 
days of age or the advent  of sexual matur i ty  will be 
sufficient to retard onset and reduce the severity of 
diabetes in prediabetie Chinese hamsters. 

I t  may  be concluded from these studies tha t  
normalizing food intake of the hyperphagie prediabetie 
Chinese hamster  has a marked influence on onset and 
severity of the disease. The increase in longevity 
suggests the benefits of delaying the development 
and/or reducing the severity of the disease. I t  appears 
tha t  continued diet limitation will essentially keep 
the prediabetic free of clinical symptoms of diabetes 
and normalize life span. 

If  prediabetics from ketonuric parents are allowed 
food ad libitum, they develop glucosuria very early 
which is generally followed by  ketosis and premature 
death in many  of them. These observations lend 
considerable confidence to the concept tha t  environ- 
mental  modification can alter the course of a geneti- 
cally influenced syndrome such as diabetes. 

Whether the early increase in body weight and 
lipid content prior to hyperglycemia contributes to 
early development of diabetes is not known. This, 
however, is possible, since obesity has been implicated 
in the development of spontaneous diabetes in other 
laboratory animals [23, 24] and also of maturi ty-onset  

diabetes in man [25, 26]. In  addition, there appears 
to be positive correlation between obesity, carbohydrate 
intolerance and hyperinsulinism in childhood [28]. 
This concept is supported by  the observation tha t  
after switching the animals which had been on limited 
diet to non-restricted feeding, they gained weight 
prior to onset of glucosuria. Their food consumption, 
however, did not become so excessive tha t  they 
would progress to severe diabetes, as evidenced by  a 
lack of ketonuria and premature death. 

Unfortunately,  there has been no report  in the 
literature as to the effects of diet l imitation on human 
prediabeties. There is, however, a suggestion tha t  
emotional problems and stress during the prediabetic 
years may  lead to poor nutritional habits which may  
have an effect on development of diabetes [28]. Other 
circumstantial evidence suggests tha t  severe caloric 
restriction during wars can decrease the prevalence 
of diabetes [4, 5]. 

I t  is apparent  tha t  appetite control is abnormal 
in prediabetic Chinese hamsters with two ketonuric 
parents. As long as this abnormali ty  can be controlled, 
it appears tha t  onset of diabetes and severity can be 
prevented or minimized, providing more evidence 
that  diabetes, as it is presently understood, is due to 
an interaction of environmental and genetic factors. 
Whether this abnormal i ty  is of genetic or environ- 
mental  origin or a combination of the two is unknown; 
this question must  be answered by  further investiga- 
tions. The data suggest that,  if environmental factors 
can be understood and manipulated properly, the 
clinical symptoms and, perhaps, the consequences of 
abnormal metabolism may  be prevented in the 
prediabetic. 
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