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Summary. Mice with hereditary obesity (ob/ob) were 
fed isocaloric, isoprotein diets with varying propor- 
tions of carbohydrate-to-fat from the time of weaning 
to 18 weeks of age. Body weight, plasma glucose, and 
plasma insulin were determined at frequent intervals; 
body lipid and pancreatic insulin were determined at 
termination. Obesity developed when only carbohy- 
drate was provided as caloric source (and in the pres- 
ence of essential fatty acid deficiency), but obesity was 
greatly enhanced when 5 % fat was added. Obesity 
also developed in the absence of dietary carbohydrate, 
even though hyperinsulinism was significantly re- 
duced by this regimen. It is concluded that 1) both 
enhanced storage of dietary fat and lipogenesis contri- 
bute to obesity, the former more so than the latter; 2) 
the degree of hyperinsulinism does not determine the 
degree of obesity; 3) the development of hyperin- 
sulinism does not require stimulation by exogenous 
oral carbohydrate. 
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A syndrome of genetic obesity in mice (ob/ob) inher- 
ited as an autosomal recessive trait and accompanied 
by hyperglycemia, hyperinsulinism, and insulin resist- 
ance has been the subject of extensive investigation [1, 
2, 3, 4, 5, 6, 7]. The pathogenesis of obesity in these 
mice has, however, yet to be fully elucidated. Al- 
though hyperphagia is noted on ad lib diet [8, 9, 10], 
an increased percentage of body fat persists even 
though progressive weight gain is prevented or body 
weight is actually reduced by food restriction [9, 10, 
i 1]. Qualitative differences in caloric intake may also 
affect lipid accumulation inasmuch as a high fat diet 

further enhances obesity when it is provided after the 
syndrome is already fully established [12]. The pres- 
ence of greatly elevated fasting and post-glucose plas- 
ma levels of insulin - a lipogenic hormone - can also 
be postulated to play a role in the development of the 
ob/ob syndrome. 

The purpose of the present study was to determine 
the effect of feeding isocaloric, isoprotein diets with 
drastically altered carbohydrate/fat ratios to ob/ob 
mice at an early age. In contrast to previously reported 
dietary studies, these differing caloric sources were 
made available to the mice prior to weaning and be- 
fore obesity is obviously established. In this way, it was 
hoped to determine the influence of diet on the early 
development rather than simply the maintenance of 
obesity. At the same time, the effect of diet on the 
emergence of hyperinsulinism and its relationship to 
obesity could also be studied. 

Materials and Methods 

Weanling ob/ob mice and their lean litter mates were 
obtained from the Jackson Memorial Laboratories, 
Bar Harbor, Maine. They were shipped at 15 to 17 
days of age with foster mothers. At this age, the ob/ob 
mice cannot be reliably distinguished from their litter 
mates, so all mice were individually numbered by 
earlobe puncture and randomly assigned to two 
groups. They were placed in cages with the foster 
mothers and two contrasting diets were immediately 
made available, one to each group as well as to the 
respective foster mothers. The mice generally con- 
tinued to nurse for about one week, but when weaning 
appeared complete, the foster mothers were removed. 
The mice were then housed together in groups of three 
to four, separated by sex. They continued to feed ad 
lib on their respective diets for a total of 16 weeks. 
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They were weighed weekly and morning heparinized 
blood was obtained at 1 or 2 week intervals by re- 
trobulbar puncture for plasma glucose [7] and plasma 
insulin [13] determination. After 16 weeks, all ob/ob 
and approximately equal numbers of lean mice were 
sacrificed by decapitation. A final blood sample and a 
sample of pancreas for insulin content [6] was ob- 
tained and the total lipid content of the carcass was 
determined [14]. For each week, the mean weight, 
plasma glucose and plasma insulin of the ob/ob and 
lean mice was calculated retrospectively after it be- 
came obvious by visual inspection which mice proved 
to be the ob/ob. The overall mean plasma glucose and 
insulin for the entire experiment was then calculated 
for ob/ob and lean mice in each dietary group from 
their weekly means. Statistical comparison was by 
Student's t test. 

All test diets were isocaloric and specially formu- 
lated in powder form by Nutritional Biochemical Cor- 
poration to contain 20% casein as protein source, 4% 
complete salt and vitamin mixture, and sufficient al- 
phacell as filler to yield a final caloric density of ap- 
proximately 3.5 kilo calories/gram. Carbohydrate was 
added exclusively as glucose, and fat was added exclu- 
sively as cottonseed oil. The diets were color-coded 
and kept refrigerated throughout the experiment. 

Three experiments were carried out over a 
one-year period, so seasonal variation may have influ- 
enced the final weights achieved. In each of the three 
experiments, one group received a 0% carbohydrate, 
30% fat diet. This was then compared to 66% car- 
bohydrate, 0% fat in Experiment A, to 64% carbohy- 
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drate, 1% fat in Experiment B, and to 55% carbohy- 
drate, 5% fat in Experiment C. In each experiment, 
the diets appeared to be accepted by ob/ob and lean 
mice, though accurate daily food intakes were not 
recorded. During Experiment A, clinical signs of es- 
sential fatty acid deficiency developed in both lean 
and ob/ob mice receiving the 66% carbohydrate, 0% 
fat diet. These consisted of loss of fur and dermatitis, 
and several lean mice died before the conclusion of the 
experiment. 

Results 

Fig. 1 summarizes the change in body weight during 
the three experiments. Obese (ob/ob) mice showed 
accelerated weight gain on 0 % carbohydrate, 30 % fat 
in all experiments, demonstrating that their obesity 
was not dependent on exogenous carbohydrate. In 
fact, when carbohydrate was the sole source of non- 
protein calories (66 % carbohydrate, 0 % fat diet-Fig. 
1A), the weight gain of ob/ob mice was markedly 
reduced, though not to the level of lean mice on the 
same fat-free diet. The isocaloric addition of only 1% 
fat to the diet increased considerably the rate at which 
ob/ob mice gained weight (Fig. 1B), while the addi- 
tion of 5 % fat produced a rate of weight gain almost 
equal to that of the ob/ob mice receiving 30% fat in 
the same experiment (Fig. 1C). Lean mice consistent- 
ly grew well on the 0% carbohydrate, 30% fat intake. 
When lean mice received a 0% fat, 66% carbohydrate 
intake, weight gain ceased after six weeks as described 
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Fig. 1. Mean body weight measurements in ob/ob mice (squares) and lean litter mates (circles) fed the indicated diets ad lib for 16 weeks. Each 
experiment was begun at 15-17 days of life 



S. M. Genuth: Effect of High Fat VS 157 

by White et al. [15], presumably reflecting essential 
fatty acid deficiency. Both 1% and 5% isocaloric fat 
supplementation restored weight gain of lean mice to 
the level observed with 30% fat and eliminated clini- 
cal signs of essential fatty acid deficiency. 

Analysis of body lipids in each experiment is 
shown in Table 1. Regardless of the proportion of fat 
and carbohydrate in the diet, the percentage of body 
weight as lipid in ob/ob mice was greatly increased, 
ranging from 41% to 50% compared to 10% to 17% 
in lean mice. The 0% fat, 66% carbohydrate diet 
resulted in a 24-gram reduction in final body weight of 
ob/ob mice, but only one-half of the deficit was ac- 
counted for by lipid. Thus, it may be presumed that 
lean body mass was also greatly reduced in these 
ob/ob mice, possibly as a consequence of essential 
fatty acid deficiency. When only 1% fat was added to 
the diet, the deficit in final body weight was reduced to 
13 grams, nearly four-fifths of which was accounted 
for by lipid. This suggested that lean body mass was 
nearly restored, while the degree of obesity remained 
restricted on an intake of 1% fat. With 5% dietary fat, 
both body weight and body lipid became essentially 
equal to that of ob/ob mice on a 30% fat intake. In 
lean mice on a 0% fat, 66% carbohydrate diet, less 
than one-fifth of the final body weight deficit was 
attributed to a decrease in lipid, indicating a large 
relative reduction in lean body mass. Addition of 1% 

or 5 % fat equalized weight gain relative to the 30 % fat 
intake and actually led to a slightly but significantly 
greater degree of lipid accumulation. 

Table 2 shows the prevailing plasma glucose and 
plasma insulin values throughout each experiment as 
well as the pancreatic insulin content at termination. 
In ob/ob mice, plasma insulin was significantly lower 
in all three groups receiving 0 % carbohydrate than in 
the paired groups receiving 55% to 66% carbohy- 
drate. Pancreatic insulin was reduced in parallel ap- 
proximately one-half, though this was statistically sig- 
nificant only in two of the three experiments. Lean 
mice also had significantly lower plasma insulin levels 
on 0% carbohydrate intake, but demonstrated less 
reduction in pancreatic insulin. In all experiments and 
on each diet, plasma and pancreatic insulin of ob/ob 
mice greatly exceeded that of lean mice, as previously 
reported [4, 5, 6]. Variation of plasma glucose was 
relatively minor with different diets. Obese (ob/ob) 
mice always had slightly greater mean glucose levels 
than lean mice during the 16 weeks of each experi- 
ment, but this was only noteworthy in Experiment A 
where ob/ob mice on 0% fat, 66% carbohydrate diet 
had significant hyperglycemia relative to lean mice on 
the same diet and relative to ob/ob mice on 0% car- 
bohydrate, 30% fat. 

Table 1. Final body weight and body lipid in obese and lean mice fed 
varying proportions of fat and carbohydrate from 18 days to 18 
weeks of life 

Body weight, Body Lipid, Body Lipid 
GM A GM A Body Weight 

% 

Obese 
0% F, 66% C 35 _+ 1.5 a 16 + 1.3 "_____ 46 + 1.9 

30%F, 0 % C  5 9 + 2 . 0  ]>24 2 8 + 2 . 4  ~ ' 1 2  48+3.1 

1% F, 65% C 42 + 1.5 a 17 + 0.8 "._._ 41 _+ 0.9" 
30%F, 0 % C  5 5 + 0 . 6  ~ 1 3  2 7 + 0 . 9  ---~10 50+1.6  

5%F,  55%C 4 8 + 1 . 2  23_+0.5 48+1.8  
30%F, 0 % C  5 1 + 1 . 6  ~ 3  2 4 +  1.5 ~ 1  48+0.8  

Lean 
0%F,  66% C 2 0 + 0 . 9 ~  2 . 2 + 0 . 1 Q >  11_+1.0 

30%F, 0 % C  2 7 + 0 . 7 / 7  3.5_+0.3 j 1 " 3  13+1.2 

1%F, 65%C 26_+1.3 4.5_+05 ~ 17_+1.4 a 
30%F, 0 % C  2 5 + 0 . 8  > - 1  3.0+012 ~ - 1 ' 5  12_+1.2 

5% F, 55% C 28 _+ 2.5 4.5 _+ 0 6 a �9 16 • 1.2 a 
30%F, 0 % C  2 6 + 1 . 9  > - 2  2 .5+0]2  > - 2  10+1.0 

mean + SEM 
n = 5-8 Mice per group 
F = Fat as cottonseed oil 
C = Carbohydrate as glucose 

= p < 0.025 - < 0.001 comparing diets 

Table 2. Plasma glucose, plasma insulin and pancreatic insulin in 
obese and lean mice fed varying proportions of fat and carbohydrate 
from 18 days to 18 weeks of life 

Plasma Plasma Pancreatic 
Glucose, Insulin, Insulin, 
MG/100 ML ~tUnits/ML Units/GM 

Obese 
0% F, 66% C 192 ___ 10 a 940 + 224" 13.9 + 7.2 

30%F, 0 % C  133+ 6 307+ 40 7 . 2 + 0 . 7  

1% F, 65% C 132 + 10 587 _+ 104 a 25.7 _+ 4.7 a 
30%F, 0 % C  149+ 6 176+ 31 10 .4+0.7  

5%F,  55%C 162_+ 9 347+ 53 a 16 .3+2 .2  a 
30%F, 0 % C  163+ 7 109_+ 17 8 .1 +0 .9  

Lean 
0%F,  66%C 128+ 9 9 5 +  14 a 8.2_+1.8 

30%F, 0 % C  125+ 6 3 3 +  5 6 .2+  1.5 

1%F, 65%C 112+ 2 5 0 +  8 a 6 .3+0.4"  
30%F, 0 % C  130+ 8 19+ 3 4 . 6 + 0 . 5  

5%F,  55%C 140+ 5 6 5 +  9a 6 .6+1 .1  
30%F, 0 % C  147+ 5 2 3 +  5 3 . 9 + 0 . 7  

mean + SEM Each group of 5-8 mice was sampled at 1-3 week 
intervals and a mean determined for that sampling. The plasma 
values in the table are the mean _+ SEM of 9-11 such weekly 
sampling means. 
F = Fat as cottonseed oil 
C = Carbohydrate as glucose 
a = p < 0.025 - < 0. 001 Comparing diets 
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Discussion 

The major points which this study makes are as fol- 
lows. 1) Obese (ob/ob) mice can develop a degree of 
obesity even in the complete absence of dietary fat 
from the time of weaning (Experiment A). When 
compared to lean mice similarly restricted, this was 
true both in the relative sense (increased percentage 
of body fat) and in the absolute sense (increased total 
body fat). Thus, enhanced lipogenesis from carbohy- 
drate and protein must be one factor in the production 
of their obesity. Both the liver and adipose tissue may 
be sites of this accelerated lipogenesis. 2) Obese 
(ob/ob) mice can become obese even under unfavor- 
able nutritional circumstances from the time of wean- 
ing. The 0% fat diet clearly retarded growth of lean 
body mass in both ob/ob mice and lean litter-mates, 
and produced clinical signs of essential fatty acid defi- 
ciency. This nutritional deprivation affected lean and 
ob/ob mice similarly in that each retained the same 
percentage of body lipid as was observed in the re- 
spective paired group on a 30% fat intake. 3) Obese 
(ob/ob) mice can also become obese in the complete 
absence of dietary carbohydrate, as shown in all three 
experiments. Though protein was still available as a 
carbon source for lipogenesis, it is unlikely that obesi- 
ty could have resulted entirely from conversion of 
protein to fat inasmuch as there was no evidence of 
reduction in the lean body mass of ob/ob mice on 0% 
carbohydrate, 30% fat, compared to those on 55% 
carbohydrate, 5 % fat (Experiment C). Body weights 
and body lipids in these two groups were essentially 
equal. Thus, in ob/ob mice, obesity must also result in 
part from storage of dietary fat, as demonstrated di- 
rectly by Lemonnier et al. [12]. Indeed, it seems likely 
that this may be the major factor in the development 
of their obesity. When a limited amount of high quali- 
ty fat was provided, sufficient to eliminate obvious 
evidence of essential fatty acid deficiency (1% fat, 
65 % carbohydrate diet, Experiment B), the accumu- 
lation of body fat was still greatly restricted even 
though a surfeit of carbohydrate calories was available 
for lipogenesis. This restriction could in part also have 
reflected a subclinical degree of essential fatty acid 
deficiency. Supplementation of the diet with 5% fat 
permitted full development of obesity since body lipid 
became equal to that of ob/obmice fed 30% fat. Thus, 
the complete exhibition of obesity appears to require 
the presence of, and up to a point may be proportional 
to, dietary fat content. The importance of dietary fat in 
the genesis of obesity is enhanced by previous obser- 
vations that ob/ob mice with established obesity tend 
to choose more fat than lean controls when allowed to 
select caloric sources [8] and that high fat diets do not 
depress lipogenesis in their adipose tissue [12, 16]. 
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Thus, it is not surprising that allowed free access to a 
high-fat diet from the time of weaning, obesity would 
occur more readily in ob/ob mice. Indeed, this 
phenomenon has also been demonstrated in normal 
weanling mice [17]. 4) The degree of obesity in ob/ob 
mice does not depend directly on prevailing insulin 
levels alone. Though ob/ob mice developed and main- 
tained hyperinsulinism on all of the dietary intakes, 
consistently greater stimulation of insulin release and 
storage was produced by provision of all non-protein 
calories as carbohydrate, as has also been noted in 
studies with older ob/ob mice [12, 18]. However, this 
never resulted in greater relative or absolute obesity. 
That hyperinsulinism may not be an obligatory factor 
in the genesis of obesity in ob/ob mice has also been 
suggested by the fact that reduction of insulin levels to 
or toward those of lean controls by pharmacologic 
damage to the B-cells does not alter body weight [19]. 
Some insulin could, of course, be required in a permis- 
sive manner to allow enhanced lipid synthesis or stor- 
age, in this respect acting as it does in lean mice. The 
present results are also in accord with others which 
indicate that hyperinsulinism is a secondary and not a 
primary phenomenon in the pathogenesis of the ob/ob 
syndrome [5, 7, 20, 21]. Furthermore, hypersecretion 
of insulin does not appear dependent on stimulation 
by exogenous oral carbohydrate inasmuch as~ ob/ob 
mice on carbohydrate-free intakes still developed ele- 
vated plasma and pancreatic insulin levels post-wean- 
ing. Hyperinsulinism could well be secondary to obes- 
ity itself. However, transplantation of normal islets 
into ob/ob mice has been reported to ameliorate both 
their obesity and hyperinsulinism [22] and parabiosis 
with normal mice reduces their food intake and obesi- 
ty [23]. Therefore, both hyperinsulinism and obesity 
may be interdependent effects of a primary disorder in 
an islet-hypothalamic axis as yet uncharacterized. 
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