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Abstract

Mothers’ nutrition during lactation programs growth in their offspring. We studied the contribution of the growth hormone (GH) for this

programming, evaluating GH mRNA expression. Lactating dams were grouped as follows: C, control diet with 23% protein; PR, 8% protein-

restricted diet; and ER, energy-restricted diet, receiving the control diet in restricted quantities of the PR group’s ingestion. Some pups were

killed at weaning; the others received the control diet until they were sacrificed as adults. Pituitary GH mRNAwas analyzed by Northern blot

analysis. At weaning, the ER and PR animals had lower GH mRNA levels (�29% and �18%, respectively) and lower length as well as body

weight. Ninety-day-old PR offspring showed a lower body length (�5%), whereas ER offspring showed a higher one (+5%); however, at

180 days, the lengths were not different. Both 90- and 180-day-old animals showed body weight differences against control animals, with PR

offspring showing a lower (�10%) and ER offspring showing a higher (+12%) body weight. GH mRNA was higher in ER offspring at 90

and 180 days (+19% and +22%, respectively); it was lower in PR offspring at 90 and 180 days (�19% and �17%, respectively). Thus, we

showed a direct relation between GH mRNA expression and length as well as body weight. We suggest that malnutrition during lactation

may program GH mRNA expression patterns in adulthood and that these changes could be responsible for differences in growth patterns.

D 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Programming is defined as the influence of environmen-

tal changes occurring in a critical period early in life on

physiological or pathological processes in adulthood [1]. In

humans, epidemiological data confirm that the program-

ming effect shows an association between low birth weight

and the development of a metabolic syndrome [2], charac-

terized by Type 2 diabetes mellitus, obesity and hyperten-

sion [3]. Several studies showed an abnormality in growth

hormone (GH) secretion, characterized by lower mean

levels, in children who suffered intrauterine growth retar-

dation [4–8]. Studies on children have linked low birth
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weight with elevated serum IGF-I [7] or elevated urinary

IGF-I excretion after catch-up growth [5].

Previously, we showed that malnutrition in lactating rats

was associated with changes in body weight [9,10] and

thyroid dysfunction in their adult offspring [11,12], rein-

forcing the concept of programming. The offspring of

energy-restricted (ER) mothers had a lower body weight

until weaning. However, after weaning, those animals

gained more weight than did the offspring of the control

(C) and protein-restricted (PR) mothers. In contrast, the

PR offspring presented a lower body weight from birth to

6 months [9,10].

We evaluated several changes in hormonal regulation and

milk composition during lactation in malnourished dams

that could affect neonatal hormonal regulation. One of the

most striking changes is maternal thyroid dysfunction [13],

accompanied by a higher iodine [14] and T3 [15] transfer
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able 1

omposition of the control and low-protein diets

Control dieta Low-protein dietb

gredients (g/kg)

Soybean+wheat 230.0 80.0

Cornstarch 676.0 826.0

Soybean oil 50.0 50.0

Vitamin mixc 4.0 4.0

Mineral mixc 40.0 40.0

acronutrient composition (%)

Protein 23.0 8.0

Carbohydrate 66.0 81.0

Fat 11.0 11.0

Total energy (kJ/kg) 17,038.7 17,038.7

a Standard diet for rats (Nuvilab, NUVITAL Nutrientes, Paraná,

razil).
b The low-protein diet was prepared in our laboratory using the control

iet and replacing part of its protein with cornstarch. The amount of the

tter ingredient was calculated to make up for the decrease in energy

ontent due to protein reduction.
c Vitamin and mineral mixtures were formulated to meet the AIN-93G

commendation for rodent diet and contain the recommended amount of

dine [25].
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through the milk in the PR dams. Despite these adaptive

changes, pups still have a lower serum T4 in the middle of

lactation but a higher serum T3 at the beginning and at

weaning in the PR group [15]. ER animals had a different

serum thyroid hormone pattern during lactation, character-

ized by a lower T3 at weaning [15]. As thyroid hormone

is important for GH production, especially early in life

[16,17], we supposed that malnutrition and the associated

thyroid dysfunction could cause important changes in

neonatal GH production that can program its future

regulation through adulthood.

We also detected that serum leptin was higher in the pups

of malnourished dams at the end of lactation [10]. Recently,

we observed that these offspring from malnourished dams

presented a higher expression of the leptin receptor (Ob–Rb)

in the anterior pituitary gland in their adult life [18]. In

addition, those animals developed a resistance to the leptin

anorectic effect [19]. As leptin seems to stimulate GH

secretion [20,21], it is possible that this hormone can also

be associated with GH changes in neonatal programming

by malnutrition.

Programming of GH could be relevant for the hypothesis

of fetal origin of diseases since a lower GH level is asso-

ciated with a higher fat/lean mass [22] and a higher GH

level is associated with the opposite relation but, notwith-

standing, can compromise the cardiovascular function in the

long term and precipitate to diabetes mellitus [23].

In this study, we aimed to evaluate whether maternal

protein or energy restriction during lactation affects GH

mRNA expression in the pituitary gland in the adult life

of offspring.
2. Materials and methods

2.1. Animals and treatments

Wistar rats were kept in a room with controlled temp-

erature (25F18C) and with an artificial dark–light cycle

(lights on from 7:00 a.m. to 7:00 p.m.). Three-month-old

female rats were caged with one male rat at a proportion of

2:1. After mating, each female rat was placed in an

individual cage with free access to water and food until

delivery. The use and handling of experimental animals

followed the principles described in the bGuide for the Care
and Use of Laboratory Animals Q [24].

On the first day of lactation, 18 dams were randomly

assigned to one of the following three groups: (a) C group,

with free access to a standard laboratory diet containing

23% protein; (b) PR group, with free access to an isoenergy

and PR diet containing 8% protein; and (c) ER group,

receiving a standard laboratory diet in restricted quantities,

which were calculated according to the mean ingestion of

the PR group. In this way, the amounts of food consumed by

the ER and PR groups were about the same. Table 1 shows

the composition of the diets, which follows recommended

standards [25]. The PR diet was prepared in our laboratory
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using the control diet and replacing part of its protein with

cornstarch. The amount of starch was calculated to make up

for the decrease in energy content due to protein reduction.

Malnutrition was started at birth (Day 0 of lactation) and

was ended at weaning (Day 21).

Within 24 h of birth, excess pups were removed such that

only 6 male pups were kept per dam, because it has been

shown that this procedure maximizes lactation performance

[26]. Two pups of each dam were sacrificed on Day 21,

giving a total of 12 animals per group. The other pups

received a standard laboratory diet with 23% protein since

weaning until they were 90 or 180 days old. At this time,

offspring (2 from each dam) were killed with a lethal dose

of pentobarbital and the pituitaries were excised and kept at

�708C, giving a total of 12 animals per group.

During lactation, body weight and nose–rump length

were monitored everyday. After weaning, food intake, body

weight and length were monitored every 4 days until the

sacrifice. The amount of the diet ingested was the difference

between the weight of food that remains in the food bin (Da)

and the amount placed 4 days before (Di). These data were

then used to calculate daily food intake according to the

following formula: food intake (g)=(Di�Da/3)/4, where 3

represents the number of animals in each cage and 4 is the

number of days.

2.2. GH mRNA expression evaluation

Anterior pituitaries were collected and two pituitaries

were pooled as described previously [16,27]. Total pituitary

RNA was isolated using the guanidine isothiocyanate–

phenol–chloroform extraction method [28], and samples

were then stored in liquid nitrogen until they were assayed.

The total RNA concentration was estimated from the

absorbance at 260 nm, and the RNA integrity was performed

by observation of 28S and 18S ribosomal RNA (rRNA)



Fig. 1. Body weight (A) and length (B) of 21-, 90- and 180-day-old rats

whose dams were fed a C (black bar), a PR (white bar) or an ER (gray bar)

diet during lactation. Values represent the meanFS.E.M. of 12 pups per

group. Significant differences between either of the diet-restricted groups

and the C group (*) or between the two diet-restricted groups (#) were

determined by a multiple-comparisons test.

Fig. 2. (A) Northern blot analysis of pituitary GH mRNA levels of 21-, 90-

and 180-day-old rats whose dams were fed a C (black bar), a PR (white bar)

or an ER (gray bar) diet during lactation. (B) Quantitative representation of

hybridization of rGH and 18S rRNA transcripts obtained by densitometry

analysis of the exposed films and expressed in arbitrary units. Values

represent the meanFS.E.M. of six pools of two pituitaries (12 pups per

group) of GH mRNA/18S rRNA ratios. Significant differences between

either of the diet-restricted groups and the C group (*) or between the two

diet-restricted groups (#) were determined by a multiple-comparisons test.
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bands in agarose gels stained with ethidium bromide. Total

RNAwas denatured with formaldehyde–formamide, electro-

phoresed in 1% agarose gel containing 2.2 M formaldehyde

in 1� 3-N-morpholinepropanesulfonic acid buffer, blotted to

a nylon membrane (Gibco, USA) by neutral capillary transfer

and baked at 808C in a vacuum oven. The membrane was

prehybridized in 50% formamide hybridization solution and

100 Ag/ml of sonicated salmon sperm DNA at 428C for 4 h.

Then, the membrane was probed with a full-length Randon

Primer 32P-labeled rat GH cDNA (Gibco) for 16 h at 428C.
The membrane was washed under high stringency condi-

tions, subjected to autoradiography and quantified by

phosphor imaging using ImageQuant software (Molecular

Dynamics, USA) overnight. All blots were stripped and

rehybridized with a 32P-labeled RNA probe specific for 18S

rRNA, synthesized by in vitro transcription (MAXIScript

T3/T7 in vitro RNA transcription, Ambion, USA), to correct

for the variability in RNA loading. The hybridization signal

intensity was determined by a scanning densitometry system

(STORM 840) and expressed in arbitrary units. The results

are expressed as the meanFS.E.M. of GHmRNA/18S rRNA

band ratios.
2.3. Statistical analysis

Data are represented as meanFS.E.M. Two-way analysis

of variance followed by the Student–Newman–Keuls

multiple-comparisons test was used for assessment of the

significance of all data. Data are reported as arbitrary

densitometry units, calculated by the quantification of GH

mRNA/18S rRNA values, to evaluate GH gene expression.

Differences were considered to be significant at Pb.05.
3. Results

3.1. Evaluation of the pups at the end of lactation

3.1.1. Body weight and length

Pups whose dams were submitted to protein or energy

malnutrition presented at weaning (21 days) significantly

lower body weight [RP=�43%; RC=�41%; Fig. 1A] and

body length [RP=�20%; RC=�17%; Fig. 1B] as compared

with control pups.

3.1.2. GH mRNA expression

Fig. 2A presents a representative Northern blot of one

experiment from a total of six experiments. Fig. 2B depicts

lower GH mRNA levels in the pups from PR or ER dams as

compared with control pups at the end of the lactation

period (�29% and �18%, respectively; Pb.05).



Fig. 3. Food intake from weaning to 180 days of offspring whose dams were

fed a C, a PR or an ER diet during lactation. Values represent the

meanFS.E.M. of 12 pups per group. The lower arrow shows that the

differences between the C group and the RP group are significant ( P b.01)

from weaning to 53 days; the upper arrow, that the differences between the

C group and the ER group are significant ( P b.01) from weaning to 33 days.

Significant differences were determined by a multiple-comparisons test.
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3.2. Evaluation of adult rats whose dams were

malnourished during lactation

Offspring of PR dams consumed less food from weaning

until the 53rd day (Pb.01) as compared with the C group,

normalizing thereafter. Offspring of ER dams presented a

similar eating behavior but normalized their ingestion

earlier, at Day 33. At 90 and 180 days, food intake was

not changed in both groups whose dams were malnourished

during lactation (Fig. 3).

Body weight and length of the PR and ER adult animals

are depicted in Fig. 1. The adult offspring of PR dams had

lower body weight (90 days,�7%; 180 days,�10%; Pb.05)

as compared with the control animals. In contrast, the

offspring of ER dams were 12% heavier than the offspring

of control dams at 3 and 6 months (F2,207=54.23; Pb.0001).

At 90 days, offspring of PR dams showed a lower body length

(�5%; Pb.05) and those of ER dams had a higher body

length (+5%; Pb.05), but there was no difference at 180 days.

As shown in Fig. 2, pituitary GH mRNA expression was

significantly higher in ER offspring at 90 and 180 days

(+19% and +22%, respectively; Pb.05) and significantly

lower in PR offspring at the same ages (�19% and �17%,

respectively; Pb.05).
4. Discussion

The present study confirms our hypothesis that malnu-

trition and the associated thyroid dysfunction, previously

shown by our group in this experimental model of maternal

malnutrition during lactation [9,11,13,15], could cause

important changes in neonatal GH production and program

its future regulation through adulthood.

The few studies that examined the relationship between

birth weight and function of the GH–IGF axis in human

adults produced inconsistent results, probably due to the

complexity of the axis and the pulsatile secretion of GH

[4,29–31]. Furthermore, the GH or IGF-I secretion is
influenced by numerous factors, including adult body

composition, physical fitness and nutritional status, and

there is marked intra-individual variation [32]. Thus, rat

models of neonatal malnutrition can overcome some of

these pitfalls, such as the individual variation, and may

better evaluate the pituitary production of GH, since we can

obtain the gland.

During gestation, maternal caloric restriction was asso-

ciated with a decrease in GH action in offspring at weaning

[33], which agrees with our finding of a slower growth

pattern during lactation and a lower GH mRNA expression.

In our model, at weaning, both malnourished groups

behaved in the same way for all the parameters analyzed.

However, after weaning, the offspring’s growth pattern and

GH mRNA expression were dependent on the type of

maternal malnutrition inflicted during lactation. The ER

animals presented a faster growth pattern since the 80th day,

with higher GH mRNA expression, whereas the PR animals

behaved in the opposite direction for these values; these

changes are similar to those described before, on the same

experimental model, for body weight [9].

Previous changes observed during lactation for body

weight [9] and serum leptin [10] in the pups showed no

difference between the two malnourished groups (PR and

ER), as observed here, for body weight and GH mRNA

expression. Since leptin stimulates GH [20,21], the lower GH

mRNA expression at weaning may be consequent to the

lower serum leptin at the middle of lactation [10]. However,

we previously detected hyperleptinemia in both malnour-

ished groups at weaning [10]; therefore, variations in serum

leptin cannot be an explanation for the different patterns of

GH mRNA expression in adulthood. On the other side,

during lactation, thyroid hormones presented different serum

level patterns [11]. The PR group showed marked changes in

both serum T3 and T4 as compared with the ER group,

especially in the beginning of lactation, when only the PR

group showed higher T3 and lower T4 serum concentrations.

However, GH mRNA expression was similar in both

malnourished groups during lactation. Nevertheless, the

different patterns of thyroid hormone secretion in the two

malnourished groups during lactation may have a role in the

differences in the GH and growth programming.

In our model, we did not evaluate fat/lean mass, and

we cannot tell for sure whether the higher growth rate

observed in the ER group was associated with obesity. It is

interesting that the animals of both groups showed a

resistance to the anorectic effect of leptin as adults [19]

but a higher Ob–Rb leptin receptor expression at the

pituitary [18] as observed in obesity [34]. It was suggested

that higher Ob–Rb expression is associated with an

impairment of leptin signaling transduction [35]. Thus, at

least in the PR animals, the impairment of leptin action can

contribute to their lower GH mRNA expression since leptin

increases GH secretion [20,21].

Thus, the programming effect depends on the different

kinds of nutritional restriction. Furthermore, there was a
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relation between growth pattern and GH mRNA expression

in this model, which is coherent with a normal GH action.

It is known that there is an age-induced decline in the

activity of the GH–IGF-I axis [36,37]. In this study, we

showed that at 180 days, rats did not have a further significant

increase in their body length but still showed an increase in

body weight. Also, in humans, the programming effect of low

birth weight on the GH–IGF-I axis is more pronounced in

children or young adults than in late middle-aged persons

[38]. Despite these less-marked changes in 180-day-old

animals, all the groups have a decrease in GH mRNA

expression when compared with 90-day-old animals. How-

ever, the difference in GH mRNA expression among the

groups remains the same in 90- and 180-day-old animals.

Since ER animals presented a higher nose–rump length, it

is possible that they effectively had a higher GH action

through the increase of IGF-I. There is an important

association between IGF-I and coronary artery disease pro-

gression [39]. In contrast, the PR group had a lower nose–

rump length and a lower expression of GH mRNA, with

possible low serum IGF-I. Low GH and IGF-I are related to a

high percentage of body fat and waist circumference, well-

established risk factors for atherosclerotic disease [40]. Also,

adult patients with GH deficiency have increased body fat

[41,42], insulin resistance, hypertension and higher mortality

from cardiovascular disease [43,44].

According to our findings, we hypothesize that ER rats

have more chances of developing vascular disease and that

PR rats have more chances of having a higher fat/lean body

mass, which can also compromise their cardiovascular

function. Thus, despite the fact that adult ER and PR animals

had different behaviors in their GH mRNA expression, body

length and body weight gain, GH changes potentially could

contribute to a higher risk of cardiovascular disease.

In conclusion, maternal malnutrition during lactation

programs the GH mRNA expression pattern of offspring in

adulthood; these changes may be responsible for the distinct

growth patterns observed.
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