
Diabetologia (1987) 30:946-951 Diabetologia 
�9 Springer-Verlag 1987 

Repercussions of chronic protein-calorie malnutrition on glucose 
homeostasis in the rat 

W. Okitolonda, S. M. Brichard and J. C. Henquin 

Unit6 de Diabrtologie et Nutrition, Faculty of Medicine, University of Louvain, Brussels, Belgium 

Summary. The characteristics, progressivity and reversibility 
of the changes in glucose homeostasis brought about by 
chronic protein-calorie malnutrition were studied in the rat. 
Four-week-old male rats received a control diet (15% pro- 
tein) or a low-protein diet (5% protein) until the age of 
28 weeks. Other rats received the low-protein diet until 
12-15 weeks, and then the control diet. In malnourished rats, 
fasting plasma glucose levels and both fasting and fed plas- 
ma insulin levels were lower than in control rats. At the age 
of 15 weeks, tolerance to oral glucose was slightly poorer, 
whereas tolerance to intravenous glucose was slightly better 
in rats receiving the low-protein diet than in control rats. 
During both tests the insulin response of malnourished rats 
was severely blunted. This inhibition largely exceeded the 
small decrease in their pancreatic insulin reserves. Similar re- 
suits were obtained when the same test was repeated 9 weeks 
later. If the rats were transferred from a low-protein to a con- 
trol diet for these 9 weeks, the changes in glucose tolerance 

were partially corrected, but the insulin response remained 
inhibited. Though hepatic glycogen stores were increased in 
malnourished rats, i.v. glucagon or arginine caused a smaller 
rise in plasma glucose levels than in control rats. The insulin 
response was also impaired and, unlike the glucose response, 
was not restored by 6 weeks on a control diet. The hypogly- 
caemia induced by intravenous insulin was more sustained in 
malnourished than in control rats, but this abnormality was 
corrected by refeeding a control diet for 6 weeks. The results 
thus show that chronic protein-calorie malnutrition in the rat 
severely impairs insulin secretion, but only mildly alters glu- 
cose tolerance, likely because of an associated high sensitivi- 
ty to insulin. These changes do not aggravate with time and 
are only partially reversed by several weeks on a control diet. 

Key words: Protein-calorie malnutrition, glucose tolerance, 
hypoglycaemia, insulin secretion. 

It has long been recognised that b o t h  hypoglycaemia 
[1, 2] and impaired glucose tolerance [2-4] can be asso- 
ciated with chronic malnutrition. However, these per- 
turbations of  glucose homeostasis, and those of several 
other endocrine systems, have usually been looked up- 
on as secondary complications of, or adaptations to a 
life-threatening situation [reviews in 5, 6]. More recent- 
ly, the possibility was raised [7-9] that protein-calorie 
malnutrition may induce permanent damage of pan- 
creatic B cells that leads to progressive deterioration of 
their function. In this perspective, malnutrition is 
viewed as a risk factor that predisposes populations of 
developing countries to diabetes. After critical analysis 
of the case [10], it was considered that the hypothesis 
was plausible, but required more proof; and that ani- 
mal experimentation might prove helpful. 

Pigs [11], dogs [12], monkeys [13] and mainly rats 
[14-18] have been used to reproduce glucose intoler- 
ance and impaired insulin secretion, the two promi- 
nent features of the clinical picture in man. However, 
extensive characterisation of glucose homeostasis has 

only been performed in rats submitted to short-term 
malnutrition (3 weeks) [14]. In chronically malnour- 
ished animals, glucose homeostasis has been evaluated 
by a single test of glucose tolerance [15, 16] or by mea- 
suring fasting levels of  plasma glucose and pancreatic 
hormones [17]. 

In the present study we have tried (1) to character- 
ise in some detail glucose homeostasis in rats submit- 
ted to chronic protein-calorie malnutrition, (2) to deter- 
mine the progressivity or regression of the alterations 
with the duration of malnutrition, and (3) to assess the 
reversal of the alterations after the animals have been 
returned to a normal diet. 

Materials and methods 

Diets 

Two types of isocaloric diets (Usine d'Alimentation Rationnelle, Epi- 
nay/Orge, France) in powdered form were used. The control diet 
(15% protein) contained: 15% casein, 41.2% starch, 13.8% glucose, 
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17% cellulose, 5% corn oil and 8% vitamins and minerals. The low- 
protein diet (5% protein) contained: 5% casein, 48.7% starch, 16.3% 
glucose, 17% cellulose, 5% corn oil and 8% vitamins and minerals. 
These diets or the rats receiving them are, hereafter, referred to as 
P 15 or P 5 diets or rats. 
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Statistical analysis 

Results  are given as means  + SEM. Student 's  t-test for unpai red  data 
was used to evaluate the  statistical significance o f  differences be- 
tween test rats (P 5) and  control rats (P 15). 

Animals 

Male Wistar  rats were used  for all experiments.  They  were weaned  at 
21 days and  received a P 15 diet for 1 week. They  were then  divided 
into several exper imental  groups,  ma tched  for initial body  weight. A 
total o f  81 rats were used in two series. The  first series comprised 
2 groups o f  15 rats which  received a P 15 or P 5 diet until  they were 
killed at the  age of  16 weeks. The second series comprised 4 groups 
o f  rats (n = 12-14): the first two groups received a P 15 or a P 5 diet 
until  the age of  28 weeks; the third group received a P 5 diet until 
15 weeks and  was then  returned to a P 15 diet until  28 weeks; a last 
g roup received a P 5 diet until  12 weeks and  then a P 15 diet until  
22 weeks. The animals  were housed  by groups  o f  four. Food  and  wa- 
ter were always provided ad libitum. W h e n  the animals  were killed 
(in the fed state), their pancreas  and  liver were resected, weighed and  
quickly frozen in liquid nitrogen. 

Tests 

Not  all tests were per formed in the same rats. The  age o f  the animals  
at the time of  each test, and  the diets they had  received are indicated 
in the  legend to the appropriate  figures. All tests started between 
08.00 and  09.00 hours,  after a 15 h fast. For  the  oral glucose toler- 
ance test (OGTr) ,  glucose (40% solution in water) was introduced 
directly into the  s tomach  through a fine gastric catheter, at a dose of  
2 g / k g  body  weight (BW). For the  int ravenous glucose tolerance test 
( IVGTI) ,  glucose was injected at a dose o f  1 g / k g  BW. For the glu- 
cagon test, g lucagon hydrochlor ide  (Novo,  Bagsvaerd,  Denmark)  
(5 p,g/ml) was injected intravenously at a dose o f  5 ~tg/kg BW. For 
the insulin test, pork insulin (Actrapid MC, Novo) (10 ~g /ml )  was 
injected intravenously at a dose o f  10 .ug/kg BW. For the arginine 
test, arginine hydrochlor ide  (Merck A.G. ,  Darmstadt ,  FRG)  (125 m g  
base /ml )  was injected in t ravenously  at a dose o f  200 mg  base /kg  
BW. Rats were wrapped in a towel to restrain them dur ing intrave- 
nous  injections (in a vein o f  the tail) or blood sampl ing (by cutting 
the tip o f  the  tail). 

Analytical procedures 

Plasma glucose was measured on the day of the experiment by a glu- 
cose oxidase method (Beckman, Glucose-Analyser, Fullerton, CA, 
USA). The samples were then kept frozen at -20~ until insulin 
measurement by a double antibody radioimmunoassay, using rat in- 
sulin as a standard (Novo Research Institute, Bagsvaerd, Denmark), 
Pancreatic insulin was extracted after homogenisation and sonica- 
tion of the tissue in acidified ethanol. A sample of the liver was ho- 
mogenised in ice-cold 0.3 mol/1 sucrose buffered at pH 7.4 with 
3 mmol/l imidazole-HCl. The protein content of these homogenates 
and of the serum was measured [19] using bovine serum albumin as 
a reference. For measurement of liver glycogen [20], a sample of the 
tissue was first digested in 1 mol/1 KOH for 1 h at 100~ Glycogen 
was then precipitated in ethanol, redissolved in acetate buffer and 
eventually hydrolysed with a-amylo-glucosidase (Boehringer, Mann- 
heim, FRG). Glucose was then measured as described above. 

Presentation of  results 

The glucose d isappearance  rate (K~) dur ing the IVGTT was calcu- 
lated from the slope o f  the  logari thm of  the  glucose levels between 5 
and 20 min. The integrated glucose and insulin responses during the 
different tests were calculated as the areas under the curves and 
above fasting levels. 

Results 

Characteristics of  the rats 

When 4-week-old rats were given a P 5 diet, they 
s topped growing for a lmost  1 week, and then gained 
weight at a considerably smaller rate than control rats 
receiving a P 15 diet. After 24 weeks on the low-protein 
diet, their body  weight was only half  that o f  control 
rats (Table 1). When P 5 rats were transferred to a P 15 
diet, their body  weight gain accelerated markedly,  but 
they never caught up with the control rats (Table 1). 

At the age of  16 weeks, i.e. after 12 weeks on a test 
diet, fed P 5 rats had  slightly lower p lasma glucose lev- 
els (6.08_+0.13 vs 7.05_+0.20mmol/1;  n = 1 4 ;  p <  
0.001) and markedly  lower p lasma insulin levels 
(0.90 + 0.04 vs 2.44_+ 0.22 n g / m l ;  p < 0.001) than P 15 
rats. The concentrat ion of  insulin in their pancreata  
was 22% lower than in P15  rats (153_+6 vs 196_+ 
10 p,g/g; p < 0.005). 

The characteristics o f  fed rats killed at the age of  
28 weeks are given in Table 1. In P 5 rats, the concen- 
tration of  p lasma proteins was decreased by  25%, but  
no animal  ever showed signs of  oedema.  In these fed 
animals, p lasma glucose levels were now similar in 
P 15 and  P 5 rats, but  p lasma insulin levels and, hence 
the insulin/glucose ratio, remained much  lower in P 5 
rats. The weight o f  their pancrea ta  and livers was de- 

Table 1. Characteristics o f  the rats fed a control or  a low protein 
diet 

P15 rats P5 rats P5---+P15 rats 

Body weight (g) 399 -+ 8 205 _+ 6 ~ 306 _+ 7 c 

Plasma 
Protein (g/l) 72.6 _+ 0.9 54.0 + 1.4 c 64.9 +_ 1.3 ~ 
Glucose (retool/l) 7.09 + 0.43 7.09_+ 0.22 7.00 + 0.09 
lnsulin(ng/ml) 2.67_+ 0.22 1.08_+ 0.10 c 1.83_+ 0.09 b 
Insulin/glucose 0.38+ 0.03 0.15+ 0.01 ~ 0.26+ 0.01 c 

Pancreas 
Weight (g) 1.01 _+ 0.04 0.51 _+ 0.02 c 0.84-+ 0.02 ~ 
Weight (% BW) 0.25 + 0.01 0.25 • 0.01 0.28 + 0.01 a 
Insulin(p,g) 227 -+11 94 _+ 3.8 ~ 190 -+ 6.8 b 
Insulin 0tg/g) 225 -+ 8.9 187 + 9.1 b 226 -+ 6.6 

Liver 
Weight(g) 12.7 -+ 0.32 6.55+__ 0.23 c 10.3 +_ 0.30 ~ 
Weight(% BW) 3.19-+ 0.05 3.19_+ 0.05 3.34_+ 0.05" 
Protein (g) 2.41 + 0.06 0.98_+ 0.05 c 1.81 + 0.08 c 
Protein(mg/g) 190 _+ 4.5 150 • 5.9 ~ 177 -+ 6.1 
Glycogen (rag) 470 -+ 32 322 + 26 b 381 _+ 21 a 
Glycogen (rag/g) 36.8 _+ 2.2 48.6 -+ 3.2 b 37.0 + 1.5 

All values were obtained when the rats were killed. They were 28 weeks old. 
P15 rats had received the control diet, and P5 rats the low protein diet from 
the age of 4 weeks. P5--+PI5 rats had received the low protein diet between 4 
and 15 weeks, and the control diet from 15 weeks onwards. Values are means 
for 11, 12 and 13 rats respectively. Significantly different from P15 rats: ~p < 
0.05; bp <0.01; Cp < 0.001 
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Fig. 1. Left: Plasma glucose 
and insulin levels during an 
OGT]? in rats receiving a 
control (P 15) or a low-pro- 
tein diet (P 5). Right: Inte- 
grated glucose and insulin 
responses during two OGTT 
in rats receiving a diet with 
the indicated protein con- 
tent. Each animal underwent 
two tests, at the age of 15 
and 24 weeks. After the first 
OGTF, 12 (P 5) rats were 
maintained on a low-protein 
diet, while 13 others were re- 
turned to a control diet 
(P 5--~P 15) for 9 weeks be- 
fore undergoing the second 
OGTr. Values are means + 
SEM for 11 and 25 rats (lst 
OGTF), or for 11, 12 and 
13 rats (2nd OGTr). *p< 
0.05; **p< 0.01; ***p< 0,001 
vs P15 rats 
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Fig. 2. Left: Plasma glucose 
and insulin levels during an 
IVGTI" in rats receiving a 
control (P 15) or a low-pro- 
tein diet (P 5). Right: Inte- 
grated glucose and insulin 
responses during two 
IVGT'r in rats receiving a 
diet with the indicated pro- 
tein content. The first test 
was performed in 15-week- 
old rats, and the second test 
was performed in other rats, 
at the age of 27 weeks. 
(P 5--*P 15) rats had re- 
ceived a low-protein diet un- 
til the age of 15 weeks, and 
were returned to a control 
diet for 12 weeks before un- 
dergoing the IVGTT. Values 
are means + SEM for 15 and 
14 rats (1st IVGTI), or for 
11, 12 and 13 rats (2nd 
WGTr). *p< o.o5; **p< 
0.001; ***p< 0.005 vs P15 
rats 

c r ea sed  in p r o p o r t i o n  to the  dec rease  in b o d y  weight .  
As  c o m p a r e d  wi th  P 15 rats,  p a n c r e a t i c  insu l in  concen -  
t r a t i on  a n d  l iver  p r o t e i n  c o n c e n t r a t i o n  were  d e c r e a s e d  
b y  17 a n d  21% in P 5 rats,  w h e r e a s  l iver  g l y c o g e n  con-  
cen t r a t i on  was  i n c r e a s e d  b y  32% (Table  1). 

F e e d i n g  P 5 rats  wi th  a P 15 d ie t  for  13 weeks  
fa i l ed  to  inc rease  the  c o n c e n t r a t i o n  o f  p l a s m a  p ro te ins  
to  con t ro l  values .  P l a s m a  insu l in  levels  a n d  the  insu-  
l i n / g l u c o s e  ra t io  a lso  r e m a i n e d  l o w e r  t h a n  in P 15 rats.  

O n  the  o t h e r  h a n d ,  p a n c r e a t i c  insu l in  concen t r a t i on ,  
a n d  l iver  p r o t e i n  a n d  g l y c o g e n  c o n c e n t r a t i o n s  were  no  
l o n g e r  d i f fe ren t  f rom those  m e a s u r e d  in con t ro l  P 15 
ra ts  (Table  1). 

Dynamic tests of  glucose homeostasis 

Fa s t i ng  p l a s m a  g lucose  a n d  insu l in  concen t r a t i ons  
were  cons i s ten t ly  l ower  in P 5 t h a n  in  P 15 rats,  r ega rd -  
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Fig. 3. Plasma glucose and insulin levels during an i.v. glucagon test, an i.v. arginine test or an i.v. insulin test in rats receiving a diet with the 
indicated protein content. The three tests were performed on 21-, 12- and 18-week-old animals respectively. (P 5--+P 15) rats had received the 
control diet for 6 weeks before undergoing the glucagon or the insulin test. Values are means _+ SEM for 11-15 rats 

less of the age of the animals. When all values ob- 
tained at time 0 of the different tests were pooled 
(n=74-88),  the differences averaged 23% for plasma 
glucose (4.06 _+ 0.06 vs 5.26 _+ 0.07 mmol/1) and 50% for 
plasma insulin (0.39+0.02 vs 0.77_+0.05 ng/ml). The 
insulin/glucose ratio was also decreased in P 5 rats as 
compared to P 15 rats (0.097_+0.005 vs 0.147_+0.010, 
p < 0.001). 

During the OGTT, plasma glucose and insulin con- 
centrations reached a maximum value after 15 min and 
subsequently declined in P 15 rats, whereas the peak 
was only reached at 30 min in P 5 rats (Fig. 1, left pan- 
els). Although average glucose levels were lower in P 5 
than in P 15 rats, except at 30 and 60 min, the integrat- 
ed glucose response (area under the curve) was in- 
creased by about 30% (Fig. 1, right panels). In contrast, 
plasma insulin levels of P 5 rats remained considerably 
lower than those of P 15 rats throughout the test, and 
the integrated insulin response was decreased by about 
70%. Similar results were obtained during a second 
OGTT performed 9 weeks later (Fig. 1, fight panels). 
These abnormalities were only partially reversed in P 5 
rats which had been transferred to a control diet for 
these 9 weeks: integrated glucose response was still in- 
creased by 15% and integrated insulin response was 
still decreased by 40%. 

During the IVGTT, plasma glucose and insulin 
concentrations reached a maximum value at 5 min in 
both P 15 and P 5 rats, but average values were lower 
at all times (p < 0.005 or less) in P 5 rats (Fig. 2, left 
panels). The integrated glucose and insulin responses 
were 24% and 55% lower in P 5 than in P15 rats 

(Fig.2, right panels), whereas the glucose disappear- 
ance rate was higher (p <0.005) in P 5 rats (4.9+ 
0.3%/min) than in P 15 rats (3.8 +0.2%/min). Similar 
changes were observed during a second IVGTI" per- 
formed in another series of older rats (Fig. 2, fight pan- 
els). For both series, the ratio of the integrated insulin 
to glucose responses was decreased by about 50% in 
P 5 rats (0.07 + 0.01 vs 0.13 + 0.01, p < 0.001). In rats 
which had been transferred from a low-protein to a 
control diet (P5---~P15), the integrated glucose re- 
sponse remained somewhat smaller (10%), and the in- 
tegrated insulin response markedly smaller (45%) than 
in control rats (Fig. 2, fight panels). The glucose disap- 
pearance rate was, however, no longer different from 
that measured in controls (4.0 + 0.2 vs 3.7 _+ 0.2%/min). 

Intravenous injection of glucagon caused a sus- 
tained rise in plasma glucose and insulin concentra- 
tions in control rats (Fig. 3). In P 5 rats, plasma glucose 
levels increased following a similar time-course but re- 
mained lower than in P 15 rats during the whole test, 
and the integrated glucose response was about 50% 
smaller (50_+ 8 vs 104_+ 8 mmol/l.60 min, p < 0.001). 
The insulin response was much slower and smaller 
(60%) than in P 15 rats (Fig. 3). Transfer of the rats to a 
control diet after several weeks on a low-protein diet 
(P 5---. P 15) slightly improved the hyperglycaemic ef- 
fect of glucagon: though average plasma glucose levels 
remained lower than in P 15 rats throughout, the inte- 
grated glucose response was no longer different. The 
insulin response was not improved, however (Fig. 3). 

In P15 rats intravenous injection of arginine 
caused a rapid, marked and short-lived increase in 
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plasma insulin levels, and a small rise in plasma glu- 
cose levels, that was sustained for at least 10 min 
(Fig. 3). This rise was less marked and only transient in 
P 5 rats, whose plasma glucose levels even fell below 
the starting value at 10 min (p <0.005 by paired Stu- 
dent's t-test), in spite of a very small insulin response 
(Fig.3). 

After intravenous injection of insulin, plasma glu- 
cose levels fell by a maximum of about 2.5 mmol/1 at 
20 min both in P 15 and P 5 rats (Fig.3). This decrease 
corresponded to 45 _+ 3% and 63 + 2% (p < 0.001) of the 
starting value in P 15 and P 5 rats respectively. Subse- 
quently, return to control values was rapid and com- 
plete in P 15 rats, but was very slow and incomplete in 
P 5 rats. Although average plasma glucose levels re- 
mained lower in (P 5---~P15) rats than in P 15 rats, 
their initial fall and secondary reascension were paral- 
lel to those observed in control rats. 

Discussion 

It is known [21] that young rats given a low protein-diet 
voluntarily reduce their food intake. In another study 
from this laboratory, this decrease amounted to 35% 
[22]. The present experimental model, therefore, does 
not produce selective protein deficiency but a mixed 
protein-calorie malnutrition. 

Tolerance to oral glucose was slightly poorer in rats 
fed a low protein diet for 11 weeks than in control rats. 
However, those animals could hardly be considered 
glucose-intolerant. Only the increase in glucose levels 
above the low fasting levels was larger than in control 
rats. In two previous studies [14, 18] rats on a low pro- 
tein diet for 3 or 4 weeks only showed mild intolerance 
to oral glucose, absolute plasma levels being transient- 
ly higher than in control rats. At variance with the di- 
minished tolerance to intravenous glucose measured in 
rats malnourished for only 3 weeks [14], we found a 
slightly better tolerance in rats maintained on a low 
protein diet for 11 weeks. In two other studies per- 
formed after 12-14 weeks of protein-deprivation [15, 
16] no alteration of the IVGTT was noted. It is improb- 
able that small differences in protein content of the test 
diets (4-6%) can explain these discrepancies, which 
are more likely to be due to the duration of protein de- 
privation as discussed later. 

The differences in glucose tolerance that we ob- 
served in protein-deficient rats according to the route 
of glucose administration cannot be accounted for by 
differences in the insulin responses, as they were low 
during both tests. One can only suggest that protein- 
deprivation differently affects glucose handling by the 
liver and peripheral tissues, the relative contribution of 
which to glucose disposal may differ after oral or intra- 
venous administration [23, 24]. Since magnesium-defi- 
ciency is often associated with protein-calorie malnu- 
trition [25], it is interesting to point out that poorer 

tolerance to oral glucose and better tolerance to intra- 
venous glucose, with low insulin responses during both 
tests, were also observed in chronically Mg-deficient 
rats [26]. 

In agreement with previous reports [14-16, 27], pro- 
tein-calorie deficient rats consistently exhibited a very 
poor insulin response to glucose. Arginine and gluca- 
gon in the present study, as well as tolbutamide and 
aminophylline in a previous study [14], also proved to 
be weak insulin secretagogues in these animals. This 
impairment of insulin release was much more impor- 
tant than the small decrease in insulin reserves, and 
persisted even when the concentration of pancreatic 
insulin had been restored by protein refeeding. Since a 
similarly low responsiveness of B cells could also be 
evidenced with isolated islets [15] or the perfused pan- 
creas [16] there seems to be little doubt that protein- 
calorie malnutrition causes a generalised insensitivity 
of B cells. 

Both under resting and test conditions, malnour- 
ished rats succeeded in maintaining a low or near nor- 
mal glycaemia with low plasma insulin levels. This at- 
tests to their high sensitivity to insulin. Moreover, 
exogenous insulin caused a long-lasting hypoglycae- 
mia that suggests an impairment of the release or of 
the efficacy of counterregulatory hormones. Their pan- 
creatic stores [17] and their fasting plasma glucagon 
levels [17, 28] are not lower than in control animals. 
Other counterregulatory hormones are also unlikely to 
be lacking [5, 6]. On the other hand, impaired glucagon 
efficacy is suggested by our data showing that plasma 
glucose levels rose only slightly during a glucagon test, 
in spite of high hepatic glycogen stores. This could be 
due to the low activity of glucose-6-phosphatase in the 
liver of protein-deficient animals [5]. 

Measurements of fasting plasma glucose, insulin 
and glucagon levels in rats have recently prompted the 
suggestion [17] of a progressive adaptation of the endo- 
crine pancreas to long-term protein deficiency, the 
metabolic priority being given to survival and growth 
to the detriment of glucose homeostasis during the first 
weeks of deprivation. Evidence that glucose tolerance 
tests are more severely altered in animals deprived of 
protein for 3-4 weeks only [14, 18, 27] than in animals 
malnourished for more than 10 weeks [15, 16, this 
study] is in agreement with that suggestion. However, 
our data also show that this adaptation is practically 
complete after 11 weeks on a low protein diet, since 
the changes in glucose tolerance remained essentially 
similar after that time. It is particularly relevant to em- 
phasize that no spontaneous deterioration occurred 
with time. 

The reversibility of the alterations in glucose ho- 
meostasis induced by protein-calorie malnutrition has 
been investigated in only one recent study [27]. It was 
shown that 6 weeks on a control diet normalised the 
tolerance to intraperitoneal glucose, but did not restore 
a normal insulin response in rats given a low protein 
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diet for 3 weeks after weaning. In the present study, 
9-12 weeks on a control diet partially reversed the 
changes in oral or intravenous glucose tolerance pro- 
duced by 11 weeks of protein-calorie deprivation. On 
the other hand, the poor insulin response to glucose or 
glucagon improved only slightly or not at all. The pre- 
sent study and that of Swenne et al. [27] therefore indi- 
cate that protein-calorie malnutrition in young rats 
causes a persistent alteration in insulin release asso- 
ciated with a persistent high tissue sensitivity to insu- 
lin. This contrasts with the apparently complete revers- 
ibility of the efficacy of counterregulatory hormones, 
as shown by the normal hyperglycaemic response to 
glucagon and normal recovery from insulin-induced 
hypoglycaemia. 

In conclusion, chronic protein-calorie malnutrition 
affects several aspects of glucose homeostasis in the 
rat. It mainly causes a severe and poorly reversible im- 
pairment of insulin release, which does not lead to pro- 
gressive deterioration of glucose tolerance because of a 
high sensitivity of the tissues to the hormone. It re- 
mains possible, however, that long-lasting malnutrition 
also increases the vulnerability of B cells; and thereby 
facilitates development of diabetes on particular genet- 
ic backgrounds, in the presence of insulin resistance, 
during increased demands, or after toxic or viral ag- 
gression. 
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