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SUMMARY: The purpose of this study was to evaluate the effects of maternal protein and energy restriction during lactation on
the body weight and tibiae dimensions of pups at aging. At parturition, Wistar rat dams were randomly assigned to the following groups:
1) control group (C) - free access to a standard laboratory diet containing 23% protein, 2) protein-energy restricted group (PR) - free
access to an isoenergetic, protein-restricted diet containing 8% protein, and 3) energy-restricted group (ER) – fed restricted amounts of a
standard laboratory diet. At weaning, all pups were separated of dams and received free access to a standard laboratory diet containing
23% protein until 180 days when the rats were anesthetized and sacrificed. The dimensions of excised pup tibia were measured directly
using pre-established anatomical points. Morphometrical analysis of the tibia showed that most of the measurements in the ER and PR
groups were significantly lower than in the control group, with the greatest reductions occurring in the PR group. These results show that
protein and energy restriction during lactation have an important influence on pup tibia development.
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INTRODUCTION

Malnutrition is the most prevalent form of
nutritional disorder among children in developing countries
(Seckler, 1985). Onís et al., (1993), based on World Health
Organization data, reported that child malnutrition remains
a major public health problem in the world. The
replacement of a balanced diet for another having more
energy than proteins is a reality in these countries, once
the foods with greater protein levels are often expensive
and, frequently, unavailable. In this way, we can consider
that the study of the energy-protein malnutrition is both
important and contemporary (Araújo et al., 2006).

In rapidly growing organisms malnutrition in early
life is a serious challenge to which the system will try to
adjust to survive. Protein malnutrition often occurs during
gestation, lactation, and first 2 years of life (Desai et

al.,1980). Some authors showed that the nutritional status
of the mother during gestational and lactational periods is
essential to the normal growth and development in humans
(Barker, 2000) or in experimental animals (Passos et al.,
2000).

The quantity or quality of nutrition at these critical
periods has permanent consequences for later life. One of
the mechanisms to adapt to inadequate supply of nutrients
is slowing down the rate of cell division in tissues and
organs, which may lead to an altered “programming” of
the structure and function of the system (Lucas, 1998). In
the human, malnutrition induced in early life is associated
with an increased risk to develop type II diabetes,
hypertension and cardiovascular disease at long term
(Barker).
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The rat has been used and considered a good model
for nutritional research due to its wide variety of effects on
endocrine systems (Console et al., 2001; Teixeira et al.,
2002), which can reduce the body weight, reproductive
behavior and adaptability to several diets (NRC, 1995;
Natali et al., 2000; Natali et al., 2003; Mello et al., 2004,
Santos et al., 2004, Faria et al., 2004; Brasil et al., 2005).

Regarding the skeletal system, several experimental
models were designed to evaluate bone morphology
remodeling in rats. It has been shown that food (Dickerson &
McCance, 1961; Miller & Bowman, 1998; Morohashi et al.,
2000; Kawahara et al., 2002;  Allen & Bloomfield, 2003) and
mineral restriction (Rodriguez et al., 1998; Medeiros et al.,
2002; Chen et al., 2002) can inhibit the growth and provide
morphology remodeling.

Thus, we examined the effect of maternal protein
and energy malnutrition during lactation on the growth and
body size of the tibial growth of the offspring in the
adulthood.

MATERIAL  AND  METHOD

Animal care. The study design and experimental protocols
were approved by the Animal Care and Use Committee of
the State University of Rio de Janeiro, which based its
analysis on the Guide for the Care and Use of Laboratory
Animals (Bayne, 1996). The experiments described here
were done within the general guidelines of the Brazilian
College for Animal Experimentation (COBEA).

Animals. Wistar rats obtained from Urogenital Research
Unit, State University of Rio de Janeiro were housed at 25
± 1° C and on a 12 h light/dark cycle (lights on from 7:00
a.m. to 7:00 p.m.) throughout the experiment. Three-month-
old, virgin female rats were housed 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.

Experimental procedures and diets. Pregnant Wistar rats
were separated at delivery into three groups: 1) control
group (C) – with free access to a standard laboratory diet
containing 23% protein, 68% carbohydrate, 5% lipid, 4%
salts and 0.4% vitamins, 2) protein-energy-restricted group
(PR) – with free access to an isoenergetic, protein-restricted
diet containing 8% protein, and 3) energy-restricted group
(ER) – fed a standard laboratory diet in restricted quantities
that were calculated based on the mean ingestion of the
PR group. We have previously shown that the PR group

consumes about 60% of the amount consumed by the con-
trol group, despite having free access to food (Passos et
al.). Hence, the ER and PR groups ingested essentially the
same amount of food.

The low-protein diet was prepared in our laboratory
and its composition is shown in Table I. The vitamin and
mineral mixtures were formulated to meet the American
Institute of Nutrition AIN-93G recommendation for rodent
diets (Reeves et al., 1993). To evaluate the nutritional state,
the food consumption and body weight (Fig.1) were
monitored throughout the experiment. Within 24 h of birth,
excess pups were removed to provide litters with only six
male pups per dam since this procedure maximizes lactation
(Fishbeck & Rasmussen, 1987). Malnutrition of the rats
was initiated at birth, which was defined as day 0 of
lactation (d0), and ended at weaning (d21) when the pups
were separated of dams and received free access to a stan-
dard laboratory diet containing 23% protein until 180 days
(d180). The rats were killed with an overdose of sodium
pentobarbital (0.15 ml/100g body weight), always in the
morning (d180).

Morphometrical parameters. The tibiae were excised and
dissected, fixed in 4% formalin in 0.1 M phosphate buffer
(pH 7.4) prior to being measured. The parameters (tibiae
dimensions) used in the morphometrical analysis were: a)
total length; b)proximal width; c) diaphisary width; d) distal
width; e) proximal angle and distal angle. All of the
macroscopical measurements were made to the nearest 0.01
mm using callipers.

The anatomical terminology was based on Greene
(1963) as adapted for veterinary anatomy (Schaller, 1999).

Statistical analysis. The results were expressed as the mean
± standard deviation (SD). Statistical comparisons were
done using one-way ANOVA followed by the Dunn
multiple comparison test, with the level of significance set
at p < 0.05. All statistical analyses were done using
GraphPad Prism 4 statistical software (GraphPad Inc., CA,
USA).

RESULTS

Figure 1 shows the body weight gain of pups in the
three groups. The pups of dams fed a protein-restricted
diet during lactation had a lower weight gain than the con-
trol group throughout the study (up to 21 days of age)
(p<0.01), with the difference between these two groups
being ~58%. The pups in group ER had a lower weight
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gain (~46% less) than the controls from day
6 onwards (p<0.01). The PR group showed a
lower weight gain than the ER group from
day 1 until the end of the study (p<0.01). Up
to 180 days of age, the body weight gain of
pups in the control, protein-restricted diet and
energy-restricted diet groups are shown in
Fig. 2.

All of the measurements for
parameters; total lenght, proximal whidth,
proximal and distal angle of tibiae in the ER
and PR groups were significantly smaller than
those of the control group, with the difference
being greater in the PR group. There was no
significant difference between groups ER and
PR for all of the parameters analized and C
vs ER for diaphisary and distal whidt (Table
II).

Table I. Composition of the control and protein-restricted diets.

a The principal protein resources were soybean wheat, steak, fish and amino acids.
bStandard diet for rats (Nuvilab-Nuvital Ltd., Curitiba, Paraná, Brazil).
cThe protein-restricted diet was prepared in our laboratory by replacing part of the

protein content of the control diet with cornstarch. The amount of the latter was
calculated to replace the same energy content of the control diet.

dVitamin and mineral mixtures were formulated to meet the American Institute of
Nutrition AIN-93G recommendation for rodent diets (Reeves et al., 1993).

Table. II. Body weight gain of pups in the control (C), protein-restricted diet (PR) and energy-restricted diet (ER) groups up to 180 days
of age. The results are the mean ± SD of 12 pups per group. * and ** p < 0,01 vs C.

Fig. 1. A rat tibia showing the measurements used in the
morphometrical analysis. The results are the mean ± SD of 12
animals per group.

Fig. 2. Body weight gain of pups in the control (C), protein-restricted
diet (PR) and energy-restricted diet (ER) groups up to 21 days of
age. Group C – free access to water and a diet containing 23%
protein; Group PR – free access to water and a diet containing 8%
protein; Group ER – free access to water and limited access to a
commercial diet containing 23% protein, which corresponded to
the same amount ingested in the previous day by rats in group PR.
The results are the mean ± SD of 12 pups per group.
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Controlb       Protein-restricted c

Ingredients (g/kg)
Total proteina 230.0   80.0
Corn starch 676.0 826.0
Soybean oil   50.0   50.0
Vitamin mixtured     4.0     4.0
Mineral mixtured   40.0   40.0

Macronutrient composition (%)
Protein   23.0     8.0
Carbohydrate   66.0   81.0
Fat   11.0   11.0
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DISCUSSION

The development of the skeleton is critically affected
by malnutrition, and several studies have examined the effect
of nutritional deficiences on bone growth during gestation
(Cameron & Eshelman, 1996), lactation (Herring, 1993;
Miller & German, 1999), gestation and lactation (Riesenfeld,
1973), and the post-weaning period (Cameron & Eshelman;
Ramos et al., 1997; Brogan et al., 1997). Different forms of
retarded skeleton growth have been reported, depending on
the type of malnutrition and/or its intensity, as well as the
period in which the stress was applied. Additionally, growth
of the tibia in rats may be influenced by sex, breed or strain,
and nutritional status (Cameron & Eshelman; Miller &
German). As there is no consensus regarding the
morphometrical parameters that should be analyzed.

Tibiae underdevelopment was evident in weaned rats
whose mothers were fed protein (PR) or energy (ER)
restricted diets during lactation (Table II), and those changes
were accompanied by quantitative alterations in the body
weight (Figs. 1,2). These findings confirm previous
observations (Herbert, 1980a; Engelbregt et al., 2000;
Teixeira et al.) that undernutrition (ER and PR groups) leads
to a lower weight gain from the first day of lactation onwards
(Fig.1).

The deficiency in body weight gain seen in
malnourished offspring could result from a reduction or
absence of growth hormone (GH) since food deprivation
reduces the number of GH secretory cells, as shown by
immunostaining of hypothalamic sections for GH releasing
hormone (GHRH) and quantification of the mRNA levels
for GHRH and GH (Herbert, 1980b; Faria et al.).
Morphometrical and ultrastructural analyses of hypophyseal
cells from adult monkeys fed a protein-restricted diet
containing 10% protein have shown a decline in the number
of somatotrophic, lactotrophic, gonadotrophic and
tireotrophic cells. The volumetric density and frequency
distribution of these cells were also significantly lower.
(Heindel et al., 1988; Rosenbaum & Leibel, 1998; Léonhardt
et al., 2003; Faria et al.).

Leptin, a circulating hormone secreted by adipous
cells that controls the amount of food ingested and energy
expenditure, plays a role key in the homeostasis of body
weight (Keys et al., 1950). Energy restriction during lactation
causes a drastic reduction in the plasma leptin levels of
offspring until weaning (Heilbronn & Ravussin, 2003).
Consequently, low levels of leptin could alter the normal
functioning of the hyphothalamic-hypophyseal (GH) target
organ (bone) axis.

Another hypothesis for the retardation in bone
development seen in PR and ER rats may be related to
inadequate maturation of the hypothalamic-hypophyseal (GH)-
target organ (bone) axis in the offspring as a result of maternal
malnutrition. In this case, low hormonal stimulation may be
insufficient to stimulate normal development of the bones.

The loss of body weight and osseous tissue in the ER
and PR groups may be caused by a reduction in the rate of
metabolism. Part of this decline results from a reduced energy
intake and a consequent decrease in the thermal effect of
food, while part is attributable to the reduced size of the
metabolizing mass. However, whether there is also a
“metabolic adaptation,” defined here as a reduction in the
metabolic rate that is disproportional to the decreased size
of the respiring mass, is a subject of continued debate. In
their investigation of the biology of semistarvation, Keys et
al. defined metabolic adaptation as “a useful adjustment to
altered circumstances” (Heilbronn & Ravussin).

Our results agree with reports showing that
undernutrition during lactation delays offspring growth
(Engelbregt et al., 2002; Delemarre et al., 2002) and skeleton
development (Pucciarelli & Oyhenart, 1987; Miller &
German).

Evidence from the present study supported the idea
that the functional demands of the tibia are greater after birth
and that, to reach functional adult proportions, growth in
this bone occurred at a higher rate. Hence, there was an
increased chance of being affected by an epigenetic factor
such as dietary protein level (Miller & German).

According to Chavez & Martinez (1979), this disorder
in bone mass produces biochemical alterations leading to
poor growth. The growth retardation varies in accordance
with the severity and duration of the nutritional deficiency.
It may be associated with abnormalities in body size and
composition in adulthood, as well as in bone length and
skeletal mineral content (Dickerson & McCance; Le Roith
& Pimston, 1973; Lalande et al., 1998; Medeiros et al.; Allen
& Bloomfield).

Our findings support the studies of Chavez &
Martinez, since, the skeletal structure support of body and is
used during movement, thus, its growth is continuously
subject to muscular loading. We believe that in the present
study, the nutritional influence was stronger than the
biomechanical influence. Our results agree with Rozzi et al.,
(2005) who showed that environmental stress during
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development resulted in transitional growth perturbations.

In this paper, we shown, for the first time, that mater-
nal PR and ER during lactation caused an offspring growth
delay and morphological and quantitative tibia alterations
that could not be restored by normalization of diet. Those
results reinforce the concept of metabolic programming.

The present data should therefore provide important
information for devising experiments and interpreting results
when using the rat skeleton as a model for malnutrition,
especially when making comparisons to human.

CONCLUSION

Our results indicate that the maternal nutritional state during
lactation can affect the development of the tibia skeleton.
Morphometrical analysis of the tibia revealed a significant
reduction in most of the parameters in the two treated groups,
particularly the PR group, when compared to the controls.
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