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Abstract

We had shown that adult animals, whose mothers were submitted to protein or energy restriction during lactation, differ from controls
in their body weight and thyroid function. The aim of this study was to evaluate, from birth through six months of age, leptin serum
concentration, body weight and food intake in animals whose mothers received protein or energy restricted-diet during lactation as follows:
control (C)—23% protein; protein-restricted (PR)—8% protein; energy-restricted (ER)—23% protein, in restricted quantity, according to
the mean ingestion of the PR group. After weaning (day 21) all pups had free access the control diet. Body weight of pups from PR mothers
were always lower than those from controls (p � 0.05), while body weight of pups from ER mothers surpassed that of the C group
significantly at 140 days of age. The food intake was lower in both offspring from PR and ER mothers, normalizing on the 32th day in pups
from ER mothers and on the 52th day in pups from PR mothers. Leptin serum concentration in both offspring from PR and ER mothers
were significantly decreased on the 12th day (p � 0.05) and increased on the 21st day (p � 0.05) compared to control. After weaning there
was no differences among the groups. It is possible that changes in leptin concentration during lactation in the offspring of malnourished
groups could permanently modify the setpoint for body weight control. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The most prevalent form of nutritional disorder of chil-
dren in developing countries is still the malnutrition. How-
ever, in adults, contrary to a condition that has prevailed
until recently, overweight is now the most prevalent disor-
der in these countries. The reasons of this transition are still
not well understood. Epidemiological [1,2] and experimen-
tal [3,4] reports correlate obesity in adulthood with malnu-
trition in the first days of life, a relationship that has been
termed metabolic imprinting [5].

We had shown that protein malnutrition in lactating rats
was associated with thyroid dysfunction in the dams [6], in
60 days and 180 days old offspring [7,8]. We also had
demonstrated that mother’s nutrition during lactation can

determine the body weight of their offspring in the adult
life, and this can be mainly associated with protein and lipid
milk concentration [9]. The offspring of energy-restricted
mothers had lower body weight until weaning. However,
after weaning, those animals were heavier than the offspring
of controls and protein-restricted mothers. In contrast, the
offspring of protein-restricted mothers presented lower
body weight from birth to 6 months of age.

These data suggest that body weight regulation in the
adult life is determined in early stages of pregnancy and/or
lactation and could be mediated by changes in the serum
concentrations of several weight-regulatory hormones, such
as leptin, MSH, thyroid hormones, that could regulate in a
long run hypothalamic set-point for energy intake or meta-
bolic rate.

Leptin is produced, mainly, by adipose tissue [10], but
recent studies showed that it is also produced by the pitu-
itary, skeletal muscle, placenta, stomach and epithelial cells
of mammary gland [11–16]. Leptin is a protein that regu-
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lates energy disposable in the peripheral adipose tissue by
specific hypothalamic signals and affects many functions as
body weight, food intake, body temperature and metabolic
rate [17–19]. These effects depend partly on the inhibition
of Neuropeptide Y and stimulation of CRH synthesis [10].

Some reports had shown that energy restriction leads to
a reduction in leptin serum concentration both in mice [20]
and humans [21]. Ahima et al [20] had shown that prevent-
ing the starvation-induced fall in leptin, injecting exogenous
leptin, substantially blunts the changes in gonadal, adrenal
and thyroid axes in male mice, and prevents the starvation-
induced delay in ovulation in female mice. Legradi et al [22]
had demonstrated that the decrease in pro-TRH mRNA
observed during fasting was also normalized with leptin
administration. In the same way, Carro et al [23] had shown
that leptin administration to fasted young rats normalized
the starvation-induced decrease in GH secretion and that
leptin antibody administration was associated with GH re-
duction.

To the best of our knowledge, no study has been specif-
ically designed to evaluate the short and long term effects of
protein and energy restriction only during lactation period
on the leptin serum concentrations in the offspring. So, in
this paper we analyzed the effects of protein- and energy-
restricted diet during lactation on the leptin serum concen-
tration from birth until six months of age aiming to identify
whether mother nutritional condition had a short and long
term consequences on the offspring leptin serum concentra-
tion.

2. Material and methods

Wistar rats were kept in a room with controlled temper-
ature (25 � 1°C) and with artificial dark-light cycle (lights
on from 7:00 a.m. to 7:00 p.m.). Three-month old, virgin
female rats were caged with one male rat at a proportion of
2:1. After mating, each female was placed in an individual
cage with free access to water and food until delivery. The
experimental design was approved by the Animal Care and
Use Committee of the Biology Institute of State University
of Rio de Janeiro, which based their analysis on the princi-
ples described in the Guide for the Care and Use of Labo-
ratory Animals [24].

Forty two dams each were randomly assigned to one of
the following groups: control group, with free access to a
standard laboratory diet containing 23% protein; protein-
restricted (PR) group, with free access to an isoenergy and
protein-restricted diet containing 8% protein; and energy-
restricted diet (ER) group, receiving a standard laboratory
diet in restricted quantities, which were calculated accord-
ing to the mean ingestion of the PR group. Therefore, the
amount of food consumed in both ER and PR groups was
about the same. Table 1 shows the composition of the diets,
which follows recommended standards [25]

The protein-restricted diet was prepared in our laboratory

using the control diet and replacing part of its protein with
cornstarch. The amount of starch was calculated so as to
make up for the decrease in energy content due to protein
reduction.

Within 24 hr of birth, excess pups were removed, so
that only 6 male pups were kept per dam, because it has
been shown that this procedure maximizes lactation per-
formance [26]. Malnutrition was started at birth, which
was defined as day 0 (d0) of lactation, and was ended at
weaning (d21).

After weaning, 3 animals of each litter were randomly
chosen and placed together in the cage with free access to
water and to standard diet with 23% of protein until sacri-
fice, in the same room conditions described above for the
mothers.

We performed seven sets of experiments for the follow-
ing periods: 4, 12, 21, 30, 60, 120 and 180 days of litter age.
For each time point we sacrificed 18 animals per group, with
a lethal dose of pentobarbital and blood was obtained by
cardiac puncture, in a total of 378 animals.

Body weight and food intake were only studied in rats
that were sacrificed at day 180. Body weight was moni-
tored once every four days, from birth until 180 days of
age.

The food intake was measured from weaning until 180
days of age. The amount of diet ingested was the difference
between the weight of food that rested in the food bin (Da)
and the amount placed four days before (Db). These data
were then used to calculate food intake according to the
formula:

Food intake (g) � �Db � Da

3 � : 4

where, 3 correspond to the number of animals in each cage.

Table 1
Composition of the control and low-protein diets

Control§ Protein-Restricted*

Ingredients (g/Kg)
Soybean � Wheat 230.0 80.0
Corn starch 676.0 826.0
Soybean oil 50.0 50.0
Vitamin mix† 4.0 4.0
Mineral mix† 40.0 40.0
Macronutrient composition (%)
Protein 23.0 8.0
Carbohydrate 66.0 81.0
Fat 11.0 11.0
Total enetgy (KJ/Kg) 17038.7 17038.7

§ Standard diet for rats (Nuvilab-NUVITAL Nutrientes LTDA, Paraná,
Brazil)

* The low-protein diet was prepared in our laboratory using the control
diet and replacing part of its protein with corn starch. The amount of the
latter was calculated so as to make up for the decrease in energy content
due to protein reduction.

† Vitamin and mineral mixtures were formulated to meet the American
Institute of Nutrition AIN-93G recommendation for rodent diets (25)
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We did test the similarity of the food intake and body
weight curves between each set of experiment with the
complete curve of the 180 days study. As we did not find
any differences among the curves, we only analyzed
and presented the complete curve of the 180 days exper-
iment.

Blood samples were centrifuged to obtain serum, which
was individually kept at �20°C until assay. Leptin was
measured using commercial kit (Murine Leptin Elisa-DSL-
10–24100).

2.1. Statistical analysis

The data are reported as mean � SEM. Two -way anal-
ysis of variance (ANOVA) were used to assess the effect of
time and diet treatment on the offspring body weight and
food intake, considering the longitudinal character of data.
As the interaction was significant we performed the one-
way ANOVA followed by the Newman-Keuls as post-hoc
test to identify when the groups were significantly different.
The level of significance for these analyses was set at p �
0.05. We also tested in the same way if there were signif-
icant differences for each group with time. The effects of
mother nutritional condition on serum leptin concentration
of the offspring were analyzed by the one-Way ANOVA
followed by Newman Keuls test, but as we performed seven
different ANOVAS, we correct the level of significant p

value dividing 0.05 by 7, making the level of significance
0.007.

3. Results

The body weight of pups whose mothers were submitted
to protein or energy restriction during lactation was signif-
icantly (p � 0.001) lower than that of controls from day 8
until the end of lactation (Fig. 1). After weaning, offspring
from PR mothers continued to have a lower (approximately
10%, p � 0.05) body weight until 180 days of age. The
body weight of offspring of ER mothers surpassed that of
controls by approximately 10% (p � 0.01), since 140 days
through 180th days of age (Fig. 1). The two-way ANOVA
showed that both treatment and time affected the result and
were considered highly significant (F(2,2346) � 108.2, p �
0.0001; F(45,2346) � 404.2, p � 0.0001, respectively).

Fig. 2 shows the effects of dietary treatment on the food
intake of offspring. Animals from PR mothers consumed
less diet (p � 0,01) from weaning until 52th day when
compared with controls, normalizing thereafter. The pups
from ER mothers had a similar eating behavior, but they
normalized their ingestion earlier, at day 32 (Fig. 2). The
two-way ANOVA showed that both treatment and time
affected the result and were considered also highly signifi-

Fig. 1. Body weight, from weaning to adulthood, of offspring which were only sacrificed at day 180, whose mothers fed a normal (■ ), protein-restricted (E)
and energy-restricted (‚) diet during lactation. Values are given as the mean � SEM of 18 animals per group at each time point. Differences between control
and protein-restricted groups are significant (p � 0.05) from day 21 until 80, and from day 164 onward. Differences between control and energy-restricted
groups are significant (p � 0.05) from day 21 until 52 and from 140 days.
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cant (F(2,2091)� 19.85, p � 0.0001; F(40,2091) � 69.77,
p � 0.0001, respectively).

The effect of protein and energy restriction diet during
lactation on leptin serum concentration of offspring is dem-
onstrated in Fig. 3. Both groups from PR and ER mothers
had a significant decrease in leptin concentrations on the
12th day (F(2,53) � 21.24, p � 0.0001) and increase on the
21st day (F(2,53) � 5.86, p � 0.0051) when compared to
the C group. After weaning there was no significant differ-
ences among the groups.

4. Discussion

These data reinforce previous findings from our labora-
tory [9], where the offspring of ER mothers had lower body

weight until weaning. However, after weaning, those ani-
mals were heavier than the offspring of controls. In contrast,
the offspring of PR mothers presented lower body weight
from birth to 6 months of age. These data reinforce the
concept of metabolic imprinting, intended to describe the
basic biological phenomena that putatively underlie rela-
tions among nutritional experiences of early life and later
disease [2,5].

Since the food intake was similar in the 3 groups the
changes in body weight may be caused by others factors,
besides food intake, especially those involved with the reg-
ulation of the metabolic rate.

Leptin is one of the determining factor of food intake and
energy expenditure and serum leptin changes in the direct
reason of adipose tissue mass [10,27–29].

Fig. 2. Food intake, from weaning to adulthood, of offspring which were only sacrificed at day 180, whose mothers fed a normal (■ ), protein-restricted (E)
and energy-restricted (‚) diet during lactation. Values are given as the mean � SEM of 18 animals per group in each time point. Differences between control
and protein-restricted groups are significant (p � 0.01) from weaning until 52 days of age. Differences between control and energy-restricted groups are
significant (p � 0.01) from weaning until 32 days of age. Both diet-restricted groups normalized their ingestion until 180 days of age.

Fig. 3. Leptin serum concentrations in pups whose mothers were fed a control (black bars), protein-restricted (white bars), and energy-restricted (hatched bars)
diets during lactation. Values represent the mean � SEM. Were used different animals for each time point and were sacrificed 18 animals in each group at
each time point. Significant differences between either of the diet-restricted groups and controls (*), were determined by a multiple comparison of means test.
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Malnutrition in adult animals is associated with lower
levels of serum leptin, due, mainly, to low fat mass [20].
Therefore, our data in the first period of lactation are con-
sistent with the literature, independently of the kind of
malnutrition. The data of higher serum leptin at weaning, in
spite of the offspring underweight, are not in agreement
with those shown in offspring of protein-restricted mothers
during gestation and lactation [30], where despite offspring
underweight, serum leptin at weaning was unchanged. It is
possible that lactation could be a more critical period to
determine the leptin levels in the offspring.

Some studies had shown that leptin is present in the milk
[31,32]. Therefore, we cannot discard the possibility that a
higher transfer of this hormone through the milk of mal-
nourished mothers had occurred, leading to a further reduc-
tion in offspring body weight. Since leptin is also produced
by the epithelial cells of mammary gland [32], its regulation
in this organ could be different from that in the adipose
tissue. We had shown a similar higher transfer of T3 and
iodine through the milk of malnourished mothers during
lactation [33,34], which may be of adaptive importance.

Diet with a higher lipid concentration increases the leptin
serum levels [35,36]. We had shown recently that the milk
of energy restricted dams have a higher lipid concentra-
tion [9] and, it could stimulate, at least in the offspring of
ER mothers, the higher leptin serum concentration in these
animals at weaning. We also had demonstrated that the
milk of PR mother had lower protein concentration. How-
ever, there was no report about the effect of low protein
in the milk upon leptin serum concentration in the off-
spring.

Another explanation for the higher serum leptin at wean-
ing in the pups of malnourished mothers during lactation is
the changes on the regulatory mechanism of leptin synthesis
rates in other tissues, such as the brain, pituitary, brown
adipose tissue, and skeletal muscle [13,15,16].

It is possible that changes in leptin concentration during
lactation in the malnourished groups could affect the regu-
lation of others factors which contribute to a long-term body
weight control.

The fact that leptin serum concentration after weaning
was unchanged demonstrates that maternal malnutrition
during lactation did not affect long-term leptin serum con-
centration, differently from the metabolic imprinting that
we had observed for body weight, which was determined by
maternal nutritional condition during lactation. Therefore,
we conclude that in adult animals whose mothers were
malnourished during lactation the relation between body
mass and serum leptin concentration is lost.

Acknowledgments

This work was supported by grant from Conselho Na-
cional de Desenvolvimento Cientı́fico e Tecnológico
(CNPq), Fundação Carlos Chagas Filho de Amparo a Pes-

quisa (FAPERJ) and Pós-Graduação em Biologia (PGBN-
UERJ).

References

[1] G.P. Ravelli, Z. Stein, M. Susser, Obesity in young men after famine
exposure in utero and early infancy, N Engl J Med 295 (1976)
349–353.

[2] D.J. Barker, The fetal and infant origins of disease, Eur J Clin Invest
25 (1995) 457–463.

[3] A.P. Jones, E.L. Simson, M.I. Friedman, Gestacional undernutrition
and the development of obesity in rats, J Nutr 114 (1984) 1484–1492.

[4] R.M. Anguita, D.M. Sigulem, A.L. Sawaya, Intrauterine food restric-
tion is associated with obesity in young rats, J Nutr 123 (1993)
1421–1428.

[5] R.A. Waterland, C. Garza, Potencial mechanisms of metabolic im-
printing that lead to chronic disease, Am J Clin Nutr 69 (1999)
179–197.

[6] C.F. Ramos, C.V. Teixeira, M.C.F. Passos, C.C. Pazos-Moura, P.C.
Lisboa, F.H. Curty, E.G. Moura, Low-protein diet changes thyroid
function in lactating rats, Proc Soc Exp Biol Med 224 (2000) 256–
263.

[7] C.F. Ramos, A.P.S. Lima, C.V. Teixeira, P.D. Brito, E.G. Moura,
Thyroid function in post-weaning rats, which dams were fed a low
protein diet during suckling, Braz J Med Biol Res 30 (1997) 133–137.

[8] M.C.F. Passos, C.F. Ramos, S.C.P. Dutra, T. Mouco, E.G. Moura,
Long term effects of malnutrition during lactation on the thyroid
function of offspring, Horm Metabol Res 34 (2002) 40–43.

[9] M.C.F. Passos, C.F. Ramos, E.G. Moura, Short and long term effects
of malnutrition in rats during lactation on the body weight of off-
spring, Nutr Res 20 (11) (2000) 1603–1612.

[10] M.W. Schwartz, R.J. Seeley, L.A. Campfield, P. Burn, D.G. Baskin,
Identification of targets of leptin action in rat hypothalamus, J Clin
Invest 98 (5) (1996) 1101–1106.

[11] R. Senaris, T. Garcia-Caballero, X. Casabiell, R. Callero, R. Castro,
R.V. Considine, C. Dieguez, F.F. Casanuera, Synthesis of leptin in
human placenta, Endocrinology 138 (1997) 4501–4504.

[12] A. Bado, S. Levasseur, S. Attoub, S. Kermongant, J.P. Laigneau,
M.N. Bortoluzzi, L. Moizo, T. Lehy, T. Guerre-Millo, Y. Le Mar-
chand-Brustel, M.J. Lewin, The stomach is a source of leptin, Nature
394 (1998) 790–793.

[13] J. Wang, R. Liu, M. Hawkins, N. Barzilai, L. Rossetti, A nutrient-
sensing pathway regulates leptin gene expression in muscle and fat,
Nature 393 (1998) 684–688.

[14] S.M. Smith-Kirwin, D.M. O’Connor, J. De Johnston, E.D. De
Lancey, S.G. Hassink, V.L. Funanage, Leptin expression in human
mammary epithelial cells and breast milk, J Clin Endocrinol Metab 83
(1998) 1810–1813.

[15] B. Morash, A. Li, P.R. Murphy, M. Wilkinson, E. Ur, Leptin gene
expression in the brain and pituitary gland, Endocrinology 1140 (12)
(1999) 5995–5998.

[16] L. Jin, B.G. Burguera, M.E. Couce, B.W. Scheithauer, J. Lamson,
N.L. Eberhardt, E. Kulig, R.V. Lloyd, Leptin and leptin receptor
expression in the normal and neoplastic human pituitary: evidence of
a regulatory role of leptin on pituitary cell proliferation, J Clin
Endocrinol Metab 84 (1999) 2903–2911.

[17] M.A. Pelleymounter, M.J. Cullen, M.B. Baker, R. Hecht, D. Winters,
T. Boone, F. Collins, Effects of the obese gene product on body
weight regulation in ob/ob mice, Science 269 (1995) 540–543.

[18] L.A. Campfield, F.J. Smith, Y. Guisez, R. Devos, P. Burn, Recom-
binant mouse OB protein: evidence for a peripheral signal linking
adiposity and central neural networks, Science 269 (1995) 546–549.

[19] J.M. Friedman, J.L. Halaas, Leptin and the regulation of body weight
in mammals, Nature 395 (1998) 763–770.

497C.V. Teixeira et al. / Journal of Nutritional Biochemistry 13 (2002) 493–498



[20] R.S. Ahima, D. Prabakaran, C. Mantzoros, D. Qu, B. Lowell, E.
Maratos-Flier, J.S. Flier, Role of leptin in the neuroendocrine re-
sponse to fasting, Nature 382 (1996) 250–252.

[21] J.W. Kolaczinsky, R.V. Considine, J. Ohannesian, C. Marco, I. Open-
tanova, M.R. Nyce, M. Myint, J.F. Caro, Responses of leptin to
short-term fasting and refeeding in humans: a link with ketogenesis
but not ketones themselves, Diabetes 45 (11) (1996) 1511–1515.

[22] G. Legradi, C.H. Emerson, R.S. Ahima, J.S. Flier, R.M. Lechan,
Leptin prevents fasting-induced suppression of prothyrotropin-releas-
ing hormone messenger ribonucleic acid in neurons of the hypotha-
lamic paraventricular nucleus, Endocrinology 138 (6) (1997) 2569–
2576.

[23] E. Carro, R. Senaris, R.V. Considine, F.F. Casanueva, C. Dieguez,
Regulation of in vivo growth hormone secretion by leptin, Endocri-
nology, 138 (5) (1997) 2203–2206.

[24] K. Bayne, Revised Guide for the Care and Use of Laboratory Animals
available, Am Phys Soc Physiol 39 (4) (1996) 208–211.

[25] P.G. Reeves, F.H. Nielsen, G.C. Fahey, AIN-93 Purified diets for
laboratory rodents: final report of the American Institute of Nutrition
Ad Hoc Writing Committee on the reformulation of the AIN-76
rodent diet. J Nutr 123 (1993) 1939–1951.

[26] K.L. Fishbeck, K.M. Rasmussen, Effect of repeated cycles on mater-
nal nutritional status, lactational performance and litter growth in ad
libitum-fed and chronically food-restricted rats, J Nutr 117 (1987)
1967–1975.

[27] A. Kennedy, T.W. Gettys, P. Watson, P. Wallace, E. Ganaway,
Q. Pan, W.T. Garvey, The metabolic significance of leptin in humans:
gender-based differences in relationship to adiposity, insulin sensi-
tivity, and energy expenditure, J Clin Endocrinol Metab 82 (4) (1997)
1293–1300.

[28] A. Widjaja, I.M. Stratton, R. Horn, R.R. Holman, R. Turner, G.
Brabant, UKPDS 20: plasma leptin, obesity, and plama insulin in type
2 diabetic subjects, J Clin Endocrinol Metab 82 (2) (1997) 654–657.

[29] R.E.J. Ostlund, J.W. Yang, S. Klein, R. Gingerich, Relation between
plasma leptin concentration and body fat, gender, diet, age, and
metabolic covariates, J Clin Endocrinol Metab 81 (11) (1996) 3909–
3913.

[30] A. Plagemann, T. Waas, T. Harder, F. Rittel, T. Ziska, W. Rohde,
Hypothalamic neuropeptide Y levels in weaning offspring of low
protein mother rats, Neuropeptides 34 (1) (2000) 1–6.

[31] X. Casabiell, V. Piñeiro, M.A. Tomé, R. Peinó, C. Diéguez, F.F.
Casanueva, Presence of leptin in colostrum and/or breast milk from
lactating mothers: a potential role in the regulation of neonatal food
intake, J Clin Endocrinol Metab 82 (12) (1997) 4270–4273.

[32] S.M. Smith-Kirwin, D.M. O’Connor, J. Johnston, E. De Lancey, S.G.
Hassink, V.L. Funanage, Leptin expression in human mammary ep-
ithelial cells and breast milk, J Clin Endocrinol Metab 83 (5) (1998)
1810–1813.

[33] M.C.F. Passos, C.F. Ramos, E.G. Moura, Increase of T3 secreted
through the milk in protein restricted lactating rats, Nutr Res 21 (6)
(2001) 917–924.

[34] M.C.F. Passos, C.F. Ramos, S.C.P. Dutra, E.G. Moura, Transfer of
iodine through the milk in protein-restricted lactating rats, J Nutr
Biochem 12 (5) (2001) 300–303.

[35] S.U. Devaskar, C. Ollesch, R.A. Rajakumar, P.A. Rajakumar, Devel-
opmental changes in ob gene expression and circulating leptin peptide
concentrations, Biochem Biophys Res Commun 238 (1) (1997) 44–
47.

[36] B. Ahren, S. Mansson, R.L. Gingerich, P.J. Havel, Regulation of
plasma leptin in mice: influence of age, high-fat diet, and fasting,
Am J Physiol 273 (1997) 113–120.

498 C.V. Teixeira et al. / Journal of Nutritional Biochemistry 13 (2002) 493–498


