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bstract

In previous studies, we verified increased insulin sensitivity in adult male offspring of lactating rats readjusting to lack o
ecretion reduction brought about by protein restriction during lactation. The present study aims to evaluate the effects of mater
ndernutrition during lactation on glucose-induced insulin secretion and GLUT-2 expression in�-cells of neonate male and female r
actating Wistar rats were given a protein-free diet during the first 10 days and a normal diet (22% of protein) until weaning. The
ere separated at birth by sex and diet and studied at 4, 8 and 21 days of lactation. Glucose-induced insulin secretion by panc
as analyzed by radioimmunoassay and GLUT-2 expression in�-cells by Western blot. Glucose-induced insulin secretion of
ndernourished groups was higher than in the control groups except among females. When comparing the male and female gro
ontrol and undernourished groups, female neonates showed significantly greater insulin secretion than the male group. Also i
hat undernutrition induced greater GLUT-2 expression. For instance, comparing the undernourished male and female neonate
n increase in female GLUT-2 expression on day 4. On the other hand, in undernourished male neonates a GLUT-2 expressio

ater in lactation. In conclusion, during a short term, maternal undernutrition induces an increase of the glucose-induced insulin
nly in male neonates and is associated with an increase in GLUT-2 expression in the�-cell. © 2004 Elsevier Inc. All rights reserved

eywords: Neonate; Undernutrition; Insulin secretion; GLUT-2 expression
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. Introduction

Members of the GLUT (glucose transporter) pro
amily facilitate the transport of glucose across mammal
embranes. These 50-60-kDa glycoproteins supply ce
lucose for ATP (adenosine triphosphate) production
lay a critical role in glucose homeostasis, with dist

unctional features and tissue distribution[1–3]. In pancre
tic �-cells, the glucose uptake is controlled by gluc

ransporter isoform (GLUT-2), which is essential in
echanism of glucose-induced insulin secretion[4]. In re-

ent findings, the importance of this mechanism shows
n type 2 diabetes a GLUT-2 down-regulation occurs sim
aneously with the loss of glucose-induced insulin secre
5].

* Corresponding author. Tel.:�55-21-2587-6407; fax:�55-21-2587
129.
sE-mail address: asmoura@uerj.br (A.S. Moura).
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Alterations of the insulin secretion mechanism by red
ng the insulin sensitivity in adults and bringing on typ
iabetes are associated with undernutrition during early
fetal/neonatal period)[6–8]. The specific mechanisms
he association between early life undernutrition and di
es mellitus are still being studied. Most studies sugges
he restricted maternal nutrition acting during the perio
apid offspring development causes adaptations that a
y the time of adulthood[9–12].

We recently established an association between ma
rotein deficiency during lactation and changes in the
ose homeostasis of the offspring when adulthood
chieved. Basically, in adulthood these animals reduc
ulin secretion and, as an adaptation mechanism, th
ncreased insulin sensitivity[13–15]. Furthermore, alte
tions in feeding behavior in adulthood were shown to
ssociated with insulin and leptin concentrations in e

ife [16]. On reaching adulthood there was a reduction o

ystolic and diastolic blood pressure and an increased insu-

.
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in resistance in the adult female, but not the male, when
omparing the blood pressure and glucose homeostasis of
he offspring undernourished during lactation [17]. Hence,
ur previous data strongly suggest that the process of ad-
ptation and setting of new metabolic pathways obtained in
arly life and maintained throughout life is gender deter-
ined.
The effect of the maternal protein deficiency during early

actation on glucose-induced insulin secretion and GLUT-2
xpression by pancreatic �-cells of male and female neo-
ates was the aim of this study, for the purpose of evaluating
hether the effects of undernutrition were influenced by
ender. The results strongly suggest that the effects of
ndernutrition on these two variables are gender deter-
ined. In brief, when the gender was an assumed variable,

here was a distinct age relationship in the association of
nsulin secretion and glucose transporter GLUT-2 of the
eonates and the undernutrition of lactating dams.

. Methods and materials

.1. Animals and experimental design

Wistar virgin rats (90 days old) were mated and the
regnant dams were randomly housed in individual cages at
3°C on a 12-hour light/dark cycle. The dams were fed ad
ibitum with a 22% protein diet during gestation. After
elivery, during the first 10 days of lactation, the control
roup of dams received a 22% protein diet and the under-
ourished group received a protein-free diet. Thereafter, all
ams were fed a diet with 22% protein until the end of the
actation. Table 1 shows the dietary composition set by
ecommended standards [18]. Each lactating dam was kept
ith six pups and they were divided into four groups:

able 1
omposition of the control and protein-free diets

Control* Protein-free†

ngredients (g/kg)
oybean � wheat 220.0 0
orn starch 676.0 896.0
oybean oil 50.0 50.0
itamin mix‡ 4.0 4.0
ineral mix‡ 40.0 40.0
acronutrient composition (%)

rotein 22.0 0
arbohydrate 67.0 88.9
at 11.0 11.1
otal energy (kJ/kg) 17038.7 17038.7

* Standard diet for rats (Nuvilab-Nuvital Nutrients LTDA, Paraná, Bra-
il).

† The protein-free diet was prepared in our laboratory.
‡ Vitamin and mineral mixtures were formulated to meet the American

nstitute of Nutrition AIN-93G recommendation for rodent diet [18].
ontrol male (CM), undernourished male (UM), control a
emale (CF), and undernourished female (UF). The groups
f neonate males and females were analyzed for insulin
ecretion and GLUT-2 expression by pancreatic islets iso-
ated at 4, 8, and 21 days of lactation. The experimental
rotocol was conducted in accordance with the local Ethics
ommittee and with principles set down in the Guide for the
are and Use of Laboratory Animals [19].

.2. Insulin secretion

In vitro insulin secretion was studied using isolated islets
y collagenase technique (Boehringer Mannheim, Penz-
erg, Germany) [20]. A total of 80 islets were placed on
illipore filters in a perfusion system with Krebs solution

nd mixture of CO2 (5%) and O2 (95%), with a multichan-
el peristaltic pump (Buchler Polystaltic Pump) at a flow
ate of 1.0 mL/min. The basal insulin levels were deter-
ined during 30 minutes by the infusion of 2.8 mmol/L

lucose. After attaining the steady state, 16.7 mmol/L glu-
ose was infused to determine glucose-induced insulin se-
retion for 50 minutes. The samples were collected in an ice
ath and were kept at �20°C for insulin assay. Immunore-
ctive insulin was measured by radioimunoassay using
onoiodated 125I-labeled porcine insulin (Activa, Brazil) as
tracer, guinea pig anti-insulin antibody kindly provided by
r. Willian Mallaisse (Brussels, Belgium) and purified rat

nsulin (Novo Nordisk, USA) as standard. Charcoal was
sed to separate free and bound hormone [21]. The count
ith 125I was made by a gamma counter (Cobra Auto-
amma, Packard Instrument Co., Downers Grove, IL). The
esults were expressed as pmol/L released per 80 islets per
0 minutes.

.3. Western blot analysis for GLUT-2

GLUT-2 expression was determined by immunoblotting
f the total extract of islets [22]. Ten islets of each group
ere lysed in a buffer containing 50 mmol/L HEPES, 1
mol/L MgCl2, 10 mmol/L EDTA, and 1% Triton X-100,

ollowed by use of the protease inhibitors aprotinin and
eupeptin. Proteins were quantitated by BCA assay using
ovine serum albumin (Sigma, St. Louis, MO) as a standard
nd then analyzed on 12% SDS-polyacrylamide gel. The
roteins were then transferred to nitrocellulose filters (Hy-
ond-P, Amersham Pharmacia Biotechnology, USA), and
he membranes were incubated with rabbit anti-GLUT-2
:1000 (Santa Cruz Biotechnology) followed by peroxi-
ase-conjugated donkey antirabbit antibody 1:1000 (Santa
ruz Biotechnology). Immunoreactive bands were visual-

zed by 3.3-diaminobenzidine (Sigma).

.4. Statistical analysis

All data were presented as mean � SE. Statistical sig-
ificance of the results was determined by the one-way

nalysis of variance (ANOVA) followed by the Newman-
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euls test, with the threshold for significance set at P �
.05.

. Results

.1. Insulin secretion

The pattern of insulin secretion by pancreatic islet
-cells was significantly different by gender and treatment
roup on all days analyzed (P � 0.0001). Figure 1A shows
hat on day 4 of lactation the �-cells of the UM group
ecreted 57.2% more insulin after 16.7 mmol/L glucose
timulus than did the CM. Females in both groups had a
2-fold greater secretion than males (Fig. 1A). The pattern

f secretion observed on day 4 was maintained unchanged
ntil day 8 (Fig. 1B). At day 21 of lactation the UM and CM
roups showed no difference in insulin secretion, but fe-
ales continued having greater secretion than males (Fig.

ig. 1. Insulin secretion by pancreatic islets from neonates males and fem
0 minutes. Day 4 of lactation: #P � 0.001 vs CM, &P � 0.001 vs CM, *
P � 0.001 vs CM, &P � 0.001 vs CM, *P � 0.001 vs CM, §P � 0.001
.001 vs CM, §P � 0.001 vs UM and @P � 0.001 vs CF. Results are expr
C). t
Females from both groups showed no differences in
nsulin secretion for all phases of the study.

.2. GLUT-2 expression

The expression of glucose transporter GLUT-2 showed
ignificant differences (P � 0.001) among the groups eval-
ated by Western blot analyses of islets isolated from neo-
ate male and female (control and undernourished) on days
, 8, and 21 of lactation. GLUT-2 was detected in all islet
xtracts from neonates and islets from control groups, and
here were no significant alterations in the GLUT-2 expres-
ion during all periods of lactation. On the other hand,
ncreased expression was found in the islets from the un-
ernourished groups (44.7%on average ), mainly on day 8
f lactation. However, on day 4 of lactation, when compar-
ng UM and UF groups there was a 50% increase in the
LUT-2 expression in the UF group (Fig. 2A). In contrast,

days 4, 8, and 21 of lactation after 16.7 mmol/L glucose stimulus during
5 vs CM, §P � 0.001 vs UM and @P � 0.001 vs CF. Day 8 of lactation:
and @P � 0.001 vs CF. Day 21 of lactation: #P � 0.001 vs CM, &P �

s pmol/L/50 min of insulin release. Mean � SE of six experiments/group.
ales on
P � 0.0
vs UM
essed a
here was an increase of 11% and 25% in GLUT-2 expres-
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ion in the UM groups at days 8 and 21, respectively (Figs.
B, 2C).

. Discussion

Undernutrition early in life induces pancreatic dysfunc-
ion when the animal becomes an adult. This process is
robably due to a significant reduction in �-cell prolifera-
ion and islet size, causing permanent impairment of the
ecretory mechanisms. Undergoing structural changes in
arly life are associated with adaptations to the responsive-
ess of islets to secretagogues eventually impairing insulin
ecretion in adulthood [23–25]. Most studies in literature
ave shown the association between undernutrition and
ong-term effect on metabolism when undernutrition is in-
uced during fetal or both fetal and neonatal life. However,
elatively few studies have observed the effects of under-

ig. 2. GLUT-2 expression in pancreatic islets from neonate male and fem
ale (CM), undernourished male (UM), control female (CF), and undernou

n each lane of gel electrophoresis. GLUT-2 protein was identified as a bro
nother set of three animals, with identical results. *P � 0.05 vs CM, #P
utrition during early life period (lactation) per se on the t
lucose homeostasis of the neonate and even less is known
bout the role of the gender in this process.

The present study hypothesized a possible gender role in
nducing particular changes obtained by the neonate due to
ndernutrition. The insulin secretion and the �-cell glucose
ransporter GLUT-2 were evaluated from neonate pancreas
f both sexes of rats undernourished since the beginning of
actation. The idea was to study the effect induced by
ndernutrition during this period, a period that is critical for
he animal’ s development [9]. For instance, it is well known
hat during lactation significant structural modifications oc-
ur in the pancreas. Basically, the rapidity of islet neogen-
sis that occurs until weaning is later replaced by a low rate
f mitosis found in adult pancreatic �-cells [26]. This fun-
amental change in cell phenotype, explained by the ob-
erved transient wave of apoptosis of islets in rats 2 weeks
fter birth, generates a cell population controlled by a par-

days 4, 8 and 21 of lactation. Pancreatic islets were isolated from control
female (UF) groups. Total extracts corresponding to 10 islets were loaded
at 45 kDa by anti–GLUT-2 antibody. This experiment was repeated with
vs UM, and §P � 0.05 vs CF.
ale on
rished
ad band
icular metabolic homeostasis, which in adulthood brings
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bout modified insulin secretion, sensitivity, or resistance
27]. Also, it is certain that the process of neogenesis and
esultant transition to a low level of mitogenesis is modu-
ated by the nutritional value of the milk. In addition, gender
as introduced to the study based on recently published
ata by our group showing that the long-term effect of
ndernutrition on metabolic homeostasis is determined by
ender and changes in insulin secretion mechanisms early in
ife [17].

This study shows for the first time that undernutrition in
arly life has a gender-associated effect on insulin secretion
nd GLUT-2 expression of the neonate. In previous studies
sing a similar model we demonstrated a reduction of the
lucose-induced insulin secretion in offspring male adults
rom undernourished dams [14,15]. Although the under-
ourished male group displayed an increase in insulin se-
retion, no differences were observed in the insulin secre-
ion pattern in the female groups, regardless of whether
hese rats were undernourished.

There was an increased expression of �-cells of under-
ourished animals of both sexes when comparing the glu-
ose transporter GLUT-2 in control groups. Our data sug-
est that the increase in GLUT-2 expression in this period is
he main cause of the increased insulin secretion observed in
he undernourished males. On the other hand, in the under-
ourished female group, the results suggest the existence of
nother mechanism of cellular sinalization that may be
nhanced by undernutrition. The uncoupling between the
nsulin secretion and GLUT-2 may reflect a process of
ecretion independent of the specific glucose transporter
LUT-2 and also an adaptive process due to undernutrition.
ata from the literature show that in animals with GLUT-
–null islets display a lower but sustained glucose uptake
nd insulin secretion [28], reinforcing the hypothesis that
he process found in the undernourished female group is due
o a particular glucose uptake.

Despite the lack of significant differences in GLUT-2
xpression between male and female rats in the control
roups, the females secreted more insulin than did males on
ll days of lactation studied. Taken together, these results
einforce the hypothetical existence in the females of an-
ther mechanism of cellular glucose uptake. For instance,
y comparing undernourished male and female, the females
n day 4 of lactation increased GLUT-2 expression; how-
ver, no significant differences were observed in GLUT-2
xpression for days 8 and 21, despite insulin secretion being
ore expressive in the females.
The quality of maternal milk in the neonatal period is an

mportant modulator for organ development, particularly in
he pancreas. Therefore, this suggests that hormones origi-
ating in the maternal milk [29–31] may significantly in-
uence the secretory performance in the neonate. In addi-

ion, multiple hormonal factors have been implicated in the
odulation of neonate development; for example, insulin

nd the thyroid hormones act directly in the protein synthe-

is and growth [32,33]. Other hormones such as insulin-like
rowth factor (IGF) play an important role in the regulation
f postnatal development, especially in �-cell growth, mat-
ration and function [34], whereas hormones such as pro-
actin as well as estrogens act in a gender-dependent man-
er. The induction of an increased insulin secretion by
rolactin is observed only in the female [35]. Also, estro-
ens in other tissues have been described as increasing the
xpression of GLUT-1 and GLUT-3, enhancing the insulin
ene expression and thereby enabling insulin secretion
hrough the blockage of K-ATP channels and modulating
kt (phospholipase B), a principal enzyme in the insulin-

ignaling process [36-38]. There is strong evidence to sug-
est that estrogen could be involved in the gender determi-
ation of insulin secretion and GLUT-2 expression, as noted in
ur results. Further investigation of the involvement of estro-
en in these nutritional and gender associations is warranted.

The “ thrifty phenotype” hypothesis also proposes a se-
ective distribution of nutrients among the organs by under-
utrition that determines the growth and development of
ome of these organs in detriment to others [39,40]. Thus,
rgans such as the brain and lungs by enteral nutrition
uring the postnatal period would receive higher priority
uring fetal period than would other organs such as the
ancreas. We suggest that the increase in insulin secretion in
ndernourished rats would be an adaptation for the purpose
f surviving precarious nutritional conditions, as observed
n males. On the other hand, despite the increase in insulin
ecretion, the similar secretory profile among the female
roups suggests that, at least over a short term, a gender
etermination takes place in adapting the pancreas to re-
pond to nutrient restriction. Thus, the enhanced insulin
ecretion found in females may occur as an event preceding
ong-term pancreatic impairment.

In conclusion, the present study demonstrates that ma-
ernal undernutrition during early lactation promotes differ-
ntiated responses among neonate males and females. Al-
hough these data go a long way toward elucidating the
ender determination of the prospective effects of undernu-
rition early in life, the different coupling between insulin
ecretion and GLUT-2 expression in neonates helps to ex-
lain the gender-associated emergence of diseases, such as
iabetes mellitus type 2.

cknowledgments

This work was supported by grants from Conselho Na-
ional de Desenvolvimento Cientı́fico e Tecnológico
CNPq) and Fundação de Apoio a Pesquisa do Estado do
io de Janeiro (FAPERJ).

eferences

[1] Bell GI, Kayano T, Buse JB, Burant CF, Takeda J, Lin D, Fukumoto
H, Seino S. Molecular biology of mammalian glucose transporters.

Diabetes Care 1990;3:198–208.



[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

241C. Lopes da Costa et al. / Journal of Nutritional Biochemistry 15 (2004) 236–241
[2] Mueckler M. Facilitative glucose transporters. Eur J Biochem 1994;
219:713–25.

[3] Rogers S, Macheda ML, Docherty SE, Carty MD, Henderson MA,
Soeller WC, Gibbs EM, James DE, Best JD. Identification of a novel
glucose transporter-like protein-GLUT-12. Am J Physiol Endocrinol
Metab 2002;282:E733–8.

[4] Olson AL, Pessin JE. Structure function, and regulation of the mam-
malian facilitative glucose transporter gene family. Annu Rev Nutr
1996;16:235–56.

[5] Thorens B, Wu YJ, Leahy JL, Weir GC. The loss of GLUT-2
expression by glucose-unresponsive beta cells of db/db mice is re-
versible and is induced by the diabetic environment. J Clin Invest
1992;90:77–85.

[6] Wilson MR, Hughes SJ. The effect of maternal protein deficiency
during pregnancy and lactation on glucose tolerance and pancreatic
islet function in adult rat offspring. J Endocrinol 1997;154:177–85.

[7] Waterland RA, Garza C. Early postnatal nutrition determines adult
pancreatic glucose-responsive insulin secretion and islet gene expres-
sion in rats. J Nutr 2002;132:357–64.

[8] Hoet JJ, Hanson MA. Intrauterine nutrition: its importance during
critical periods for cardiovascular and endocrine development.
J Physiol 1999;514:617–27.

[9] Waterland RA, Garza C. Potential mechanisms of metabolic imprint-
ing that lead to chronic disease. Am J Clin Nutr 1999;69:179–97.

10] Godfrey K, Barker DJP. Fetal nutrition and adult disease. Am J Clin
Nutr 2000;71(suppl 1):13448–528.

11] Desai M, Hales CN. Role of fetal and infant growth in programming
metabolism in later life. Biol Rev 1997;72:329–48.

12] Rasmussen KM. The “fetal origins” hypothesis: challenges and op-
portunities for maternal and child nutrition. Annu Rev Nutr 2001;21:
73–95.

13] Moura AS, Carpinelli AR, Barbosa FB, Gravena C, Mathias PCF.
Undernutrition during early lactation as an alternative model to study
the onset of diabetes mellitus type 2. Res Commun Mol Pathol
Pharmacol 1996;92:73–83.

14] Moura AS, Caldeira Filho JS, Mathias PCF, Franco de Sá CCN.
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