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Glucose-induced insulin secretion from and 4sCu uptake bx isolated pancreatic islets, derived from rats fed with 
normal (NPD) or low protein diet (LPD), were studied. Insulin secretion from both types of islets in response to 
increasing concentrations of glucose followed an S-shaped pattern. However, basal secretion observed at 
substimulatory concentrations of glucose (O-5.6 mM), as well as m&ma1 release, obtained at 16.7 rnM or higher 
glucose concentrations M’ere significantly reduced in islets from LPD. Furthermore, in LPD rat islets, the 
dose-response curve to glucose was clearly shifted to the right compared with NPD islets, with the half-maximal 
response occurring at 8.5 and 14.4 rnM glucose for NPD and LPD islets, respectively. In islets from NPD rats, 
the 45Ca content, after 5 or 90 min in the presence of 8.3 rnM glucose, uaas higher than that observed for islets 
kept at 2.8 mM glucose and increased further at 16.7 rnM glucose. After 5 min of incubation, the 4sCa uptake by 
LPD islets in the presence of 8.3 rnM glucose was slightly higher than basal values (2.8 rnM glucose): however, 
no further increase in the “Ca uptake was noticed at 16.7 m,+t glucose. In LPD islets a significant increase in 
45Ca uptake over basal values was registered only at 16.7 rn,u glucose, after 90 min of incubation. These data 
indicate that the poor secretoc response to glucose observed in islets from LPD rats may be related to a defect 
in the ability of glucose to increase Ca’+ uptake and/or to reduce Ca’+ ej@x from p-cells. (J. Nutr. Biochem. 
6:314-318. 1995.) 
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Introduction 

It is known that dietary deficiency causes altered carbohy- 
drate metabolism in children, adults, and animals.lm6 In 
general, protein calorie malnutrition is associated with a 
decreased glucose tolerance and reduced insulin secre- 
tion.“g Since the pancreatic insulin content has been re- 
ported to be normal or even higher in animals maintained on 
a low protein diet,63’0 the impaired insulin secretion in these 
animals cannot be ascribed to a reduction in the insulin 
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content. Rather it could be a consequence of a reduction in 
the P-cell volume and/or a reduction in the number of glu- 
coreceptors in these cells.7~s3’1 The present data indicate 
that the poor secretory response to glucose by islets isolated 
from rats maintained with a low protein diet may be related 
to defects in Ca*+ handling by these islets. 

Methods and materials 

Young (28.day-old) rats weighing approximately 90 g were dis- 
tributed into two groups and fed for 8 weeks either with a normal 
(25%) or a low (6%) protein diet (Table 1). The difference be- 
tween the two isocaloric diets was the substitution of carbohydrate 
for protein in the low protein diet. The other components of both 
diets were kept unaltered. I2 At the end of the experimental period 
the nutritional status of the animals was evaluated by determina- 
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Table 1 Cornpositron of normal and low protein diets fed to rats 
during the experiment 

protein, glucose, and free fatty acids did not differ between 
the two groups of rats (Table 2). 

Composition (g/kg) Glucose-induced insulin secretion 
Component Normal protern Low protein 

Casein* 315 75 
Starch 183 268 
Glucose 141 248 
Sucrose 150 203 
DL-methronrne 7 2 
Corn oil 150 150 
Salt mrxturet 40 40 
Vitamrn mixture* 10 10 
Choline chlorhydrate 4 4 

*Values corrected for protein content In casern 
tAccording to Rogers, Q.R and Harper, H E (1965) J Nutr 87, 
267. 
*According to Mrller, S A. et al (1962) J N&r 77, 397 

Figure I shows that in both types of islets, glucose-induced 
insulin secretion followed an S-shaped pattern. Basal secre- 
tion, observed at 2.8 mM glucose, was 0.38 ? 0.05 and 
1.04 ? 0.08 rig/islet/60 min (P < 0.05) in LPD and NPD 
islets, respectively. Maximal release, obtained at 16.7 mu 
glucose, was significantly higher than basal secretion in 
both types of islets (1.44 ? 0.08 and 5.84 * 0.35 rig/islet/ 
60 min in LPD and NPD islets, respectively); however, the 
rise in insulin secretion was greater in NPD than in LPD 
islets (P < 0.01). Furthermore, the dose-response curve to 
increasing concentration of glucose was shifted to the right 
in LPD compared with NPD islets with half maximal re- 
lease values of 14.4 and 8.5 mM glucose, respectively (P < 
0.05). 

tion of body weight, total serum protein.” serum albumin,” se- 
rum glucose,” serum free fatty acids.lh and liver glycogen con- 
tent.” 

“‘Ca uptake 

To measure insulin secretion. groups of five islets each were 
first incubated at 37°C in a small volume (0.75 ml) of Krebs- 
bicarbonate solution containing 5.6 mM glucose for 30 min. The 
solution was then replaced by fresh buffer, and the islets were 
further incubated for 60 min under various experimental condi- 
tions. The insulin content of each sample was measured as previ- 
ously described’* using rat insulin as the standard. The glucose 
concentration producing a response that was 50% of the maximum 
(EC,,) was calculated as mean negative logarithms (pD,). 

To measure ‘?a uptake by islets, we used a previously de- 
scribed method. r9 All results are expressed as mean * SE together 
with the number of individual experiments (n). Statistical analysis 
included Student’s t test and analysis of variance. 

Results 

Nutritional status of the animals 

After 8 weeks, the LPD rats showed the following features: 
low body weight, hypoalbuminemia. and high liver glyco- 
gen content compared with the NPD rats. Despite low body 
weight registered in LPD animals, no difference in food 
intake was noticed during the experimental period between 
both groups of rats. No evidence of edema in the LPD 
animals was noticed. Furthermore, serum concentrations of 

At basal glucose (2.8 mM), the 45Ca uptake was higher in 
NPD than LPD islets, averaging 0.93 2 0.07 (n = 23) and 
0.63 ? 0.03 (n = 47) pmollisleti5 min, respectively (P < 
0.05). In 8.3 mM glucose, 45Ca incorporation increased to 
1.38 ? 0.11 (n = 24) and 1.07 ? 0.15 (n = 41) pmol/ 
islet/5 min in NPD and LPD islets, respectively (P < 0.05 
related to each basal value). 45Ca uptake by NPD islets 
increased further when the glucose concentration was raised 
to 16.7 mM, reaching 1.91 ? 0.13 (n = 29) pmol/islet/5 
min (P < 0.05). However, in this experimental condition, 
no additional increment in the 45Ca uptake was recorded in 
LPD islets (Figure 2). After 90 min incubation (Figure 3). 
%a content in LPD islets increased only at 16.7 mM glu- 
cose, to 3.8 + 0.26 (n = 46) pmol/islet/90 min (P < 0.05 
related to basal values). In NPD i-slets, 45Ca uptake was 
7.32 ‘- 0.32 (n = 21) and 8.18 ? 0.38 (n = 26) pmoli 
isleti90 min in the presence of 8.3 and 16.7 mM glucose, 
respectively (P < 0.01). These values were significantly 
higher than that observed at 2.8 mM glucose, which was 
5.58 -+ 0.41 (n = 10) pmollisleti90 min (P < 0.05). 

Discussion 
Experimental model 
Low body weight, hypoalbuminemia, and high liver glyco- 
gen content, observed in rats maintained with a low protein 

Table 2 Body weight (g). food Intake (gig of body weight) serum total protern (g/L), basal serum glucose (mmol/L), serum free fatty acids 
(FFA = mmol/L), and liver glycogen content (mg%) of rats fed wrth low or norma protein drets during 8 weeks 

Groups Glucose FFA 

Serum 
Liver Body Food 

Protein Albumrn glycogen weight intake 

NPD 5.7 t 0.7 05201 682243 346207 07?04 240 0 t 30.0 7 4 k 0.8 
LPD 6.7 2 1 5 0.5 -t 0 1 665228 32 7 z 1 4’ 1 3 ? 0.7* 120.0 t 40.0* 7 4 2 0.4 

Results are mean 2 SD for 10 rats rn each group 
NPD = normal protein diet 
LPD = low protein diet. 
*Significantly different from NPD 
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Figure 1 Steady-state dose-response rela- 
tionship Prior to the application of different 
concentrations of glucose, islets were preincu- 
bated for 30 min at 37°C. Next, the incubation 
medium was replaced with fresh Krebs solution 
contarring increasing concentrations of glu- 
cose Points represent cumulative (60 min) in- 
sulrn secretion at the indicated concentration of 
glucose. Each point represents the mean value 
of the insulin released per islet 5 SE. together 
with the number of experiments, which was 12- 
23 and 14-29 for NPD (O---O) and LPD 
(O---O) islets, respectively 

diet, are features commonly found in infantile and experi- 
mental animals,6*20.2’ d’ m tcating the adequacy of the animal 
model used in this work. The absence of edema (a usual 
symptom in malnourished persons) in LPD animals was 
not surprising in view of the reported difficulties in produc- 
ing edema in rats.6,22 

Insulin release in response to increasing 
concentrations of glucose 

It is known that protein calorie malnutrition results in car- 
bohydrate intolerance. The elevated blood glucose level 
during a glucose tolerance test in malnourished persons may 

Figure 2 %a uptake by isolated Islets 
after 5 min of incubation Effects of In- 
creasing concentrations of glucose on 
45Ca uptake by NPD (filled bars) and 
LPD islets (dashed bars). Means 2 S E 
together with the number of experiments 
are indicated. Asterisks indicate P c 
0.05 compared with basal values mea- 
sured in 2.6 mM glucose 1.5 I 

1~ 

0.5 - 

0 -’ 

m 6% Protein diet 25% Protein diet ) 

“Cg Uptake (pmohlet per 5 mid 

2.8 8.3 16.7 
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be due to decreased insulin secretion and/or to increased 
resistance to insulin.‘,4 In experimental models of protein 
energy malnutrition, glucose intolerance was clear1 estab- 
lished only after a long period on a low-protein diet. 13 How- 
ever, a severe reduction of insulin release in response to 
glucose is consistently noticed after a few weeks of expo- 
sure to a low-protein diet.23.L4 In these animals an increase 
in the sensitivity to insulin of peripheral tissues may explain 
why the animals do not develop glucose intolerance.24 

Our data confirm that insulin secretion in response to 
glucose is reduced in malnourished rats. However, it is 
not clear if the decreased insulin secretion observed in 
LPD islets is due to problems related to glucose recogni- 
tion,” or to defects in one or more steps in the cascade of 
events responsible for the extrusion of insulin-containing 
granules, or both. Although islet insulin content is similar 
or even higher in LPD than NPD islets,6.‘o one current 
explanation for the reduced response to glucose is that LPD 
islets are smaller than NPD islets.’ Incidentally, it was re- 
ported that insulin secretion capacity parallels the size of 
p-cells.8,25 However, differences in islet size and/or cell 
volume cannot explain the reduced sensitivity to interme- 
diate concentrations of glucose found in the LPD islets (Fig- 
ure I). In these islets, the dose-response curve to glucose 
was shifted to the right, indicating that one (or more) in- 
trinsic defect in the mechanism of insulin secretion is in- 
volved. 

45Ca accumulation in response to glucose 

Stimulation of insulin secretion by glucose depends on an 
increase in [Ca2+]i in p-cells. Glucose affects [Ca*+], 
mainly by increasing its membrane permeability, but also 
by decreasing the Na+/Ca*+ exchange and by mobilizing 
Ca* + from internal stores.26 Thus, we decided to investi- 
gate whether Ca2+ handling is altered in LPD islets. Our 
results indicate that the influx of “%a, based on measure- 

Figure 3 ‘?a uptake by isolated islets 
after 90 min of incubation. Effects of in- 
creasing concentrations of glucose on 
45Ca uptake by NPD (filled bars) and 
LPD islets (dashed bars). Means i S.E. 
together with the number of experiments 
are represented Asterisks indicate P < 
0 05 compared with basal values mea- 
sured in 2.8 mM glucose. 

ments in a short period of time (5 min), as well as 45Ca 
retention after 90 min of incubation, were altered in LPD 
islets. In particular, at intermediate concentrations of glu- 
cose, where insulin secretion was clearly impaired, no dif- 
ferences in Ca2+ uptake related to basal values were noticed 
in LPD islets. 

P-cell regulates [Ca’+], within a very narrow window.27 
Insulin secretion is only noticed when a threshold for 
[Ca2+li is attained. Because the 45Ca uptake, at 2.8 mu 
glucose, is much higher in NPD than LPD islets, one could 
argue that a small increase in Ca2+ uptake, induced by 8.3 
mM glucose over basal, will be more efficacious in reaching 
[Ca’+], threshold values for insulin secretion in NPD than 
in LPD islets. Higher concentrations of glucose (i.e., 16.7 
mM) provoke additional secretion whereas [Ca2+li is only 
marginally increased. It was recently postulated that high 
glucose must exert actions independent of depolarizing 
P-cell membrane to account for this amplification pro- 
cess.‘* This effect seems to depend on the energy state of 
the ce1129 and could involve phosphoinositide hydrolysis 
and the consequent generation of IP, and activation of pro- 
tein kinase C. 3o Since glucose-’ induced PI hydrolysis de- 
pends on Ca2 + influx in the P-cell,31 this could explain why 
insulin secretion is impaired at both intermediate and high 
glucose concentrations in LPD islets. 

In conclusion, our studies with isolated islets indicate 
that both Ca*+ influx and efflux are altered in LPD islets. 
Therefore, the poor secretory response to glucose by the 
LPD islets, at least in part, may be due to altered Ca*+ 
handling by these islets. However, we have to keep in mind 
that the abnormalities in Ca2+ handling may be a conse- 
quence of alterations in one or more steps that precedes the 
modifications in Ca’ + permeability during insulin secre- 
tion, such as glucose transport, glucose metabolism, and 
Kt permeability. Alterations in nutrient metabolism in 
malnourished islets could affect the cellular redox state with 
reduction of the thiol content and glutation (reduced form)/ 
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glutation (oxidized form) ratio. This in turn alters cellular 
Ca*+ homeostasis32.33 
served. 33 

and insulin secretion, as already ob- 
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