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T

he relationship between overnutrition, obesity, and
diabetes is well recognized, but the opposite, malnutrition, is a less-studied cause of the disease.
There is, however, a high prevalence of malnutrition-related diabetic syndromes in many developing countries (1). The patients develop these types of diabetes in
young adulthood and have the stigmata and history of previous and/or present malnutrition (reviewed in refs. 2-4).
The precise etiology is yet to be elucidated, but there is a
strong association with malnutrition, and more specifically
protein deficiency, in geographically widely separated areas
(4). Thus, the possibility that malnutrition in early infancy and
childhood could result in partial failure of the (3-cell function
and clinical onset of diabetes later in life merits further study
(1).
Kwashiorkor, the syndrome of protein deficiency in childhood, is characterized by, among other things, impaired
glucose tolerance and absent or blunted insulin secretory
response to glucose (5-16). The development of this disturbance seems to depend more on protein deficiency than
on calorie deficiency, because infants with marasmus tend
to have normal or only slightly impaired glucose tolerance
and insulin secretion (6,8,10,12,13). Treatment of kwashiorkor with a diet adequate in protein and other nutrients results
in a partial recovery of glucose tolerance and insulin secretion within weeks (7-14), but conflicting data have been
presented as to whether the impairment persists later in life
(10,17-19). These studies are difficult to interpret because
nutrition and health during the years after recovery from
kwashiorkor may influence the final outcome, especially in
developing countries where nutrition may at best be only
marginally adequate.
With experimental models of protein-calorie malnutrition it
has been possible to reproduce the impaired glucose tolerance and decreased insulin secretory response to glucose
of human kwashiorkor (20-24). However, the possibility that
these defects may persist after a period of adequate nutrition
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SUMMARY

The effect of a limited period of protein-calorie malnutrition in young rats on glucose tolerance, insulin secretory response to glucose, and tissue composition in
the adult was studied. Three-week-old rats were
weaned onto semisynthetic diets containing either 5%
protein (low protein; LP) or 15% protein (control; C)
and maintained for 3 wk on their respective diets. At 6
wk of age all rats were returned to a commercial rat
chow diet (18% protein). Glucose tolerance, insulin secretory response to glucose, and the protein/DNA ratio
in liver, skeletal muscle, heart, kidney, small intestine,
and lung were investigated at 3, 6, and 12 wk of age.
Rats receiving LP diet failed to gain weight, but growth
resumed immediately when they were transferred to
commercial rat chow. They did not, however, catch up
with C rats. Glucose tolerance and insulin secretory
response to glucose remained similar between 3 and
12 wk in C rats. In 6-wk-old LP rats, glucose tolerance
was impaired, and the insulin secretory response to
glucose was absent. At 12 wk of age the glucose tolerance of the LP rats had normalized, but the insulin secretory response was still blunted. In 6-wk-old LP rats
there was an inhibition of the age-dependent increase
in cell size, shown by lowered protein/DNA ratios in all
tissues studied. This decrease in cell size persisted at
12 wk in liver, skeletal muscle, heart, and lung.
We conclude that protein-calorie malnutrition early in
life persistently impairs the insulin secretion. The persistently lowered protein/DNA ratios in many tissues
may be related to this lowered capacity for insulin secretion. The individual could have an impaired ability
to respond to diabetogenic and nutritional challenges,
and it is thus possible that the early malnutrition may
predispose for diabetes. Diabetes 36:454-58, 1987
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TABLE 1
Composition of the experimental diets (g/100 g)
Ingredients

Low-protein diet

Casein
Rice starch
Cellulose
Corn oil
DL-Methionine
Solutions of vitamins, minerals,
and trace elements*

5
81
2.6
4.8
0.01
-100

Control diet
15
71
2.6
4.8
0.03
-100

Tor detailed composition see ref. 25.

MATERIALS AND METHODS

Diets. The pelleted semisynthetic experimental diets were
made as previously described (25) and contained 5% protein (low-protein diet; LP) or 15% protein (control diet; C)
and were generously provided by Dr. R. D. E. Rumsey (Subdepartment of Human Gastrointestinal Physiology and Nutrition, Univ. of Sheffield, Sheffield, UK). Their compositions
are shown in Table 1. Methionine, the first limiting amino acid
of casein, was added to obviate acute deficiencies of this
amino acid. The loss in energy due to the reduction in protein
content of the LP diet was compensated for by increasing
the carbohydrate content. The two diets were thus isoenergetic and, apart from their protein content, identical in all
respects.
The commercially available rat chow used in the protocol
(CRM, Labsure, Greeff, Croydon, UK) contained 18.1% (wt/
vol) crude protein, 2.4% oil, 3.6% fiber, and 57.0% carbohydrates.
Animals. Young male and female Wistar rats were obtained
from a local breeding colony (Univ. of Sheffield). The animals
had free access to CRM rat chow and tap water throughout
breeding, pregnancy, and lactation. Mating was performed
by caging males with females overnight, and pregnancy was
confirmed by the presence of vaginal plugs the following
morning. The pregnant rats were caged individually, and
delivery took place on day 22 of gestation. The day after
delivery the offspring were counted, and large litters were
reduced to 10 pups. Litters with <6 pups were not used. At
21 days of age the young rats were weighed, caged in
groups of 3 of the same sex, and weaned onto LP or C diet.
The two diets were fed ad libitum for 3 wk when both groups
of rats (denoted LP rats and C rats), at 6 wk of age, were
returned to CRM diet until the end of the experiment, 12 wk
of age. The animals were weighed weekly except during the
1st wk on CRM diet, when they were weighed daily.
Glucose tolerance and insulin secretory response to glucose. An intraperitoneal glucose tolerance test (GTT) was
performed at 3, 6, and 12 wk of age in LP and C rats of both
sexes. The rats were starved overnight (15-17 h) before the
test. They were then injected intraperitoneally with a 30%
(wt/vol) glucose solution at a dose of 2 g glucose/kg body
wt. In the 12-wk-old rats, blood samples were obtained from
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RESULTS

Body weight gain. When the rats were weaned, C rats of
both sexes rapidly gained weight and continued to grow
throughout the observation period (Fig. 1). There was a small
increase in the rate of weight gain when the C rats were
transferred to CRM diet at 6 wk of age, suggesting a higher
nutritional efficiency of this diet. Indeed, rats in the departmental colony weaned on CRM diet initially gained weight
more rapidly than C rats (C.J.C., unpublished observations).
However, C rats caught up, and from 7 wk of age onward,
their body weight was similar to that of rats weaned on CRM
diet.
LP rats gained little weight from weaning to 6 wk of age.
During this period, LP rats reduced their food intake and
consumed only —35% of the food compared with C rats.
When transferred to CRM diet, they immediately resumed
growth and gained weight at a rate similar to that of C rats.
The LP rats thus never caught up in weight but remained
smaller than the C rats throughout the experiment.
Glucose tolerance and insulin secretory response to glucose. Glucose tolerance and insulin secretory response to
the intraperitoneal glucose load was similar in male and female rats, and the results were consequently pooled. In C
rats of the different age groups the serum glucose values
increased to a peak of 8-10 mM 30 min after the glucose
injection and subsequently declined to values around 5 mM
at 60 and 120 min. The peak insulin response at 30 min
reached values >3 ng/ml in all age groups and returned to
fasting levels at the end of the test (Fig. 2). The insulin/
glucose ratio at 30 min, an index of the sensitivity of the
(3-cell to glucose, was 0.46 ± 0.06 ng/mmol (mean ± SE;
n = 25) HI 3-wk-old rats, 0.42 ± 0.03 ng/mmol (n = 25) in
6-wk-old C rats, and 0.33 ± 0.02 ng/mmol (n = 39) in 12wk-old C rats.
At 6 wk of age, LP rats had an impaired glucose tolerance,
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and influence growth and development of the animal has not
been studied. We fed weanling rats a diet insufficient in
protein for a limited period and demonstrated a retained
diminished insulin secretory response to glucose after the
rats were returned to an adequate diet.

the cut tip of the tail immediately before and 30, 60, and 120
min after the injection. To obtain sufficient amounts of blood,
3- and 6-wk-old rats were killed by cervical dislocation at
the different time points, and blood was collected from the
cut cervical vessels. The blood samples were allowed to clot
and were centrifuged. The serum was separated and stored
frozen at -20°C until assayed. Glucose was measured with
a Yellow Springs glucose analyzer (Clandon, Aldershot,
Hampshire, UK). Insulin was measured with a double-antibody immunoassay system (Wellcome, Temple Hill, UK) and
rat insulin standard (Novo, Copenhagen, Denmark).
Tissue composition. At the end of the GTT, all rats were
killed, and small tissue samples of cardiac muscle, lung,
liver, small intestine, kidney cortex, and skeletal muscle
(quadriceps femoris) were obtained. The samples were
finely chopped up in distilled water and disrupted ultrasonically. The protein (26) and DNA (27,28) content was measured in the sonicates, and the protein/DNA ratio was calculated and used as an index of the cell size.
Statistical analyses. Differences in body weight, glucose
tolerance, insulin response, and tissue composition between
C and LP rats of the same age were analyzed with Student's
two-tailed t test for unpaired observations. Age trends in
tissue composition were evaluated by analysis of variance.
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FIG. 1. Growth curves of rats fed diets with different protein content between 3 and 6 wk of age. Male (left panel) and female (right panel) Wistar
rats were weaned at 3 wk of age onto control diet (15% protein; • ) or low-protein diet (5% protein; O) and maintained ad libitum on respective
diets for 3 wk. At 6 wk of age they were returned to commercial rat chow (protein content 18.1%) for remainder of experiment. Values are
means ± SE for 18-22 rats.

with peak values approaching 15 mM. The glucose levels,
however, rapidly returned to normal and were not different
from those of C rats at 120 min. The fasting insulin levels of
6-wk-old LP rats were lower than those of the C rats. The LP
rats did not exhibit a significant insulin secretory response
to glucose, and their serum insulin levels remained lower
than those of the C rats throughout the test. In the 6-wk-old
LP rats the insulin/glucose ratio at 30 min was 0.07 ± 0.006
ng/mmol (n = 28; P < .001 vs. 6-wk-old C rats).
At 12 wk of age the glucose tolerance of the LP rats had

normalized and did not differ from that of the C rats. There
was now a significant insulin response to glucose at 30 min
(P < .001), but it was smaller than in the C rats and resulted
in a lower insulin/glucose ratio (0.19 ± 0.009 ng/mmol,
n = 39; P < .001 vs. 12-wk-old C rats). The serum insulin
levels of the LP rats remained lower than those of the C rats
throughout the test.
Tissue composition. The cell size of the C rats, as evidenced by the tissue protein/DNA ratio, increased with age
in all the tissues studied (P < .001; Table 2). The ratios were

TABLE 2
Protein/DNA ratios in various tissues of rats fed diets with different protein content between 3 and 6 wk of age
Age (wk)

Diet

n

Small intestine

Cardiac muscle

Lung

Liver

Kidney

Skeletal muscle

24

36 ± 3

29 ± 2

13 ± 1

48 ± 2

31 ± 2

79 ± 4

CD CD

LP
C

24
29

31 ± 2*
48 ± 2

34 ± 2*
56 ± 2

19 ± 1*
30 ± 2

29 ± 1*
50 ± 3

37 ± 3*
61 ± 3

97 ± 6*
138 ± 4

12
12

LP
C

30
36

64 ± 3
58 ± 2

64 ± 2*
99 ± 3

22 ± 1*
33 ± 1

48 ± 2*
75 ± 4

63 ± 4
70 ± 3

145 ± 7*
265 ± 9

3

Wistar rats were weaned at 3 wk of age onto diets containing 5% (LP) or 15% (C) protein and maintained ad libitum on respective diets
for 3 wk. At 6 wk of age they were returned to commercial rat chow (protein content 18.1%) for the remainder of the experiment. Tissue
samples were obtained from 3-, 6-, and 12-wk-old rats. Protein and DNA contents were assayed in homogenates of the samples, and
protein/DNA ratio was calculated. Values are given as means ± SE for the number of observations shown.
*Significance of difference between animals of the same age but on different diets: P < .001.
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12 weeks

similar in males and females; the results were pooled. In 6wk-old LP rats the protein/DNA ratio of the liver had decreased, and in the other tissues the increase observed from
3 to 6 wk in C rats had been inhibited. The ratios of all the
tissues of 6-wk-old LP rats were lower than those of C rats
of the same age. From 6 to 12 wk of age the ratios increased
in all the tissues of the LP rats, but in cardiac muscle, lung,
liver, and skeletal muscle the ratios of the 12-wk-old LP rats
remained lower than those of the 12-wk-old C rats.
DISCUSSION

This study confirms previous observations of an almost complete cessation of growth of young rats weaned onto a diet
low in protein (<6%) (22,29-33). In this context, note that
rats fed such diets reduce their food intake to a level just
sufficient to maintain body weight. The state induced is therefore one of protein-calorie malnutrition and not a pure protein
deficiency (30,34,35).
The impaired glucose tolerance and absent insulin secretory response to glucose confirm previous studies of proteincalorie-malnourished rats (22-24). However, the incomplete
recovery of the insulin secretory response suggests permanent damage and/or functional impairment of the pancreatic (3-cell. The atrophy and disruption of normal pancreatic morphology observed in both human kwashiorkor
(36) and experimental protein-calorie malnutrition (37-39)
could possibly reduce the number of islets. However, morphological studies have suggested that the islets of Langerhans are less affected than the exocrine parenchyma
(37,38). Moreover, the ability of the (3-cells to recover some
of their insulin secretory response would suggest a functional
impairment rather than an irreversible destruction. During
experimental protein-calorie malnutrition, both the total islet
mass (32) and the size of individual (3-cells (38) are reduced,
and it is possible that the endocrine pancreas does not recover the cell size or attain the normal cell number required
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to maintain an adequate insulin secretory response to glucose.
Note that, although the glucose tolerance was severely
impaired in 6-wk-old LP rats, the glucose levels rapidly returned to normal during the GTT, despite the absent insulin
secretory response. This observation would suggest an increased peripheral glucose utilization and sensitivity to insulin. An increased hypoglycemic response to exogenous
insulin has indeed been reported in protein-calorie-malnourished rats (22). Our findings could therefore indicate
that the impairment of glucose tolerance during protein-calorie malnutrition is caused by deficient insulin secretion
rather than by changes in peripheral insulin action. An increased peripheral glucose utilization and sensitivity to insulin is also suggested in the 12-wk-old LP rats, which have
normal glucose tolerance despite a blunted insulin secretory
response to glucose. It is nevertheless conceivable that
these animals could have a diminished capacity to respond
to diabetogenic stimuli with an increased insulin secretion.
Protein-calorie malnutrition early in life could thus predispose
an impaired glucose tolerance and/or diabetes later in life,
even though the acute effects of malnutrition have been reversed with an adequate diet.
With treatment of protein-calorie malnutrition, cell replication and longitudinal growth is rapidly resumed at normal
or even increased rates. Thus, the observed persisting impairment of insulin secretion and the similar finding in treated
human protein-calorie deficiency (9-11,14,16,40) do not
seem to affect growth during or after recovery from malnutrition. However, the persisting reduction of the protein/DNA
ratio in several tissues, which has also been observed in
humans (35), indicates that the cellular protein accretion and
growth in size is impaired, despite an adequate diet. This
finding may be related to decreased insulin secretion because this hormone stimulates protein biosynthesis and cytoplasmic growth rather than cell replication (41,42). Early

457

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/36/4/454/512476/36-4-454.pdf by guest on 16 January 2022

FIG. 2. Glucose tolerance and insulin secretory
response to glucose in 3-, 6-, and 12-wk-old rats.
Rats were weaned at 3 wk of age onto control
diet (15% protein; • ) or low-protein diet (5% protein; O) and maintained ad libitum on respective
diets up to 6 wk of age, when they were returned
to commercial rat chow (protein content 18.1%)
for remainder of experiment. Serum glucose and
insulin values are means ± SE for 25-40 rats.
Significance of difference between rats on different dietary protocols: *P < .05, **P < .01, and
*"P < .001.

INSULIN SECRETION AND PROTEIN-CALORIE MALNUTRITION

malnutrition thus causes long-lasting alterations in tissue and
organ composition, but whether function is affected or a
predisposition to future diseases is incurred remains uncertain.
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