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A low maternal protein diet during pregnancy

and lactation has sex- and window of exposure-specific

effects on offspring growth and food intake, glucose
metabolism and serum leptin in the rat
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Extensive epidemiological and experimental evidence indicates that a sub-optimal environment
during fetal and neonatal development in both humans and animals may programme offspring
susceptibility to later development of chronic diseases including obesity and diabetes that are
the result of altered carbohydrate metabolism. We determined the effects of protein restriction
during pregnancy and/or lactation on growth, serum leptin, and glucose and insulin responses
to a glucose tolerance test in male and female offspring at 110 days postnatal life. We fed Wistar
rats a normal control 20% casein diet (C) or arestricted diet (R) of 10% casein during pregnancy.
Female but not male R pups weighed less than C at birth. After delivery, mothers received the C
or R diet during lactation to provide four offspring groups: CC (first letter maternal pregnancy
diet and second maternal lactation diet), RR, CR and RC. All offspring were fed ad libitum with C
diet after weaning. Relative food intake correlated inversely with weight. Offspring serum leptin
correlated with body weight and relative, but not absolute, food intake in both male and female
pups. Serum leptin was reduced in RR female pups compared with CC and increased in RC
males compared with CC at 110 days of age. Offspring underwent a glucose tolerance test (GTT)
at 110 days postnatal life. Female RR and CR offspring showed a lower insulin to glucose ratio
than CC. At 110 days of age male RR and CR also showed some evidence of increased insulin
sensitivity. Male but not female RC offspring showed evidence of insulin resistance compared
with CC. Cholesterol was similar and triglycerides (TG) higher in male compared with female CC.
Cholesterol and TG were higher in males than females in RR, CR and RC (P < 0.05). Cholesterol
and TG did not differ between groups in females. Cholesterol and TG were elevated in RC
compared with CC males. Nutrient restriction in lactation increased relative whole protein
and decreased whole lipid in both males and females. RC females showed decreased relative
levels of protein and increased fat. We conclude that maternal protein restriction during either
pregnancy and/or lactation alters postnatal growth, appetitive behaviour, leptin physiology, TG
and cholesterol concentrations and modifies glucose metabolism and insulin resistance in a sex-
and time window of exposure-specific manner.
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Extensive epidemiological and laboratory evidence
indicates that a suboptimal environment during fetal and
neonatal development in both humans and experimental
animals impacts on offspring susceptibility to later
development of altered carbohydrate metabolism (Dahri
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et al. 1991; Ravelli et al. 1999; Petry & Hales, 2000;
Zambrano et al. 2005a). The concept of ‘developmental
programming’ proposes that challenges during an
organism’s development evoke a persistent physiological
response in the offspring. Epidemiological investigations
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such as those conducted on the children conceived during
the Dutch famine of 1944-1945 have highlighted the
association between poor maternal nutrition, lowered
birth weight and subsequent adult disease (Ravelli et al.
1999; Roseboom, 2001). Several different experimental
animal protocols have been used for the evaluation
of developmental programming of metabolism: (1)
fetal exposure to levels of glucocorticoids that are
inappropriately high for the current stage of development
(Nyirenda et al. 2001); (2) global nutrient restriction
(Garofano et al. 1997, 1998); (3) maternal exposure to an
isocaloriclow protein diet (Stewart et al. 1975; Ozanne et al.
1996; Reusens & Remacle, 2001b); (4) uterine blood flow
restriction (Simmons et al. 2001); and (5) experimental
maternal diabetes (Holemans et al. 1997; Holemans et al.
2003).

In the present study we examined the offspring of female
rats exposed to protein restriction during pregnancy
and/or lactation to determine: (1) effects on body weight,
food intake and leptin physiology; (2) glucose, insulin,
triglyceride and cholesterol metabolism; (3) whether
effects are dependent on the stage of development at
which protein restriction occurs — pregnancy or lactation;
(4) whether the exposures during fetal development and
lactation interact; and (5) whether these effects show
offspring sex specificity. We fed one group of virgin
Wistar rats a normal control diet (C) during pregnancy
and lactation (CC - first letter pregnancy diet and
second letter lactation diet). Additional pregnant rats
were fed a restricted 50% protein isocaloric diet (R)
during pregnancy and/or lactation to provide three further
groups: RR, CR and RC. All offspring ate the control
diet after weaning. We present here a comparison of the
metabolic phenotypes of the male and female offspring.

Methods
Care and maintenance of animals

Details of protein restriction and breeding have been
published previously (Zambrano et al. 2005b). Briefly,
mothers were virgin female albino Wistar rats aged
between 10 and 12weeks and weighing 220+20g
(mean =+ s.e.M.) obtained from the Instituto Nacional de
Ciencias Médicas y Nutricién Salvador Zubiran (Mexico
City, Mexico). Female rats with regular cycles were
maintained on Purina Laboratory Chow 5001. Rats were
maintained under controlled lighting (lights on from 07:00
to 19:00h at 22-23°C). All procedures were approved
by the Animal Experimentation Ethics Committee of
the Instituto Nacional de Ciencias Médicas y Nutricién,
Salvador Zubiran, Mexico City.

Female rats were mated overnight with proven male
breeders and the day on which spermatozoa were presentin
avaginal smear was designated as day of conception —day 0
of pregnancy. Only rats that were pregnant within 5 days
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of introduction of the male were retained in the study.
Pregnant rats were transferred to individual metabolism
cages and allocated at random to one of two groups to
be fed either a 20% casein (control diet) or a 10% casein
isocaloric (restricted) diet (Zambrano et al. 2005b). Food
and water were available ad libitum for all animals.

Pregnant and lactating rats were weighed every day
through pregnancy and until pups were removed at
weaning. Food was provided in the form of large flat
biscuits which were retained behind a grill through
which the rats nibbled. A weighed excess of feed was
provided each day. The amount remaining after 24 h was
weighed. On day 20 post-conception, pregnant rats were
transferred to normal rat cages to provide optimal
conditions for delivery which occurred in the early daylight
hours between 09:00 h and 12:00 h on post-conceptual day
22. Day of delivery was considered as day 0 of post natal
life. Food intake continued to be monitored during this
period.

All rats were delivered by spontaneous vaginal delivery.
Timing of delivery, litter size and pup weight were
recorded at birth. Ano-genital distance, anterior—posterior
abdominal distance and head diameter were measured
with calipers. Our published data indicate that female
pups have an ano-genital distance of 1.67 +0.13 mm
(n =291 pups from 43 litters; mean =+ s.e.m.) and males
3.26 £ 0.22 mm (n = 252 pups from 43 litters) (Zambrano
et al. 2005a). Thus a value of 2.5 mm is more than 2
s.D.’s from the mean of either group and sex was judged
according to whether the ano-genital distance was greater
than (male) or less than (female) 2.5 mm. To ensure
homogeneity of study subjects, litters of over 14 pups
were not included in the study. Litters of 12—14 pups were
adjusted to 12 pups for each dam while maintaining as close
toal:1sexratioas possible. Four groups were established:
CC in which dams that received the control diet during
pregnancy continued to be fed the control diet during
lactation; RR in which dams thathad received the restricted
diet during pregnancy continued to receive the restricted
diet during lactation; CR in which dams that received the
control diet during pregnancy received the restricted diet
during lactation; and RC in which dams that received the
restricted diet during pregnancy were provided with the
control diet during lactation. After weaning (postnatal
day 21) all pups were fed with control (20% casein) diet
ad libitum. Pups continued to be weighed daily.

Measurement of food intake after weaning

Two rats of the same sex and from the same experimental
group were housed per cage. Food was provided in the form
oflarge flat biscuits as above. The amount of food provided
each day was weighed as was the amount remaining after
24 h. The amount consumed was averaged between the
two rats.
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Glucose tolerance test at 110 days postnatal life

One or two rats of each sex from each litter were fasted
overnight before an intraperitoneal glucose tolerance test
in which one gram per kilogram body weight p-glucose
was administered 1.p. at 09:00 h (Zambrano et al. 2005a).
Resting blood samples were used for the leptin, triglyceride
(TG) and cholesterol analysis in addition to glucose and
insulin. Where two pups from one litter were studied, their
data were averaged.

Biochemical analyses

Carcass components. Rats were rapidly killed by
decapitation using a rodent guillotine (Thomas Scientific,
USA) and kept frozen in small plastic bags until they were
analysed. Before analysis, the abdomen was opened and the
stomach and caecum were excised and discarded. After
weighing (wet weight), each carcass was chopped into
small pieces, placed in a tared beaker and dried at 60°C to
constant weight. The weight lost is considered to be body
water. The dried carcasses were ground-up and aliquots
were taken for fat determination by the Soxhlet method
(AOAC, 2002) and total nitrogen (N) by the Kjeldahl
method (AOAC, 2002).

Blood glucose measurement. Serum glucose concen-
trations were determined spectrophotometrically using
the enzymatic hexokinase method (Beckman Coulter, Co.
Fullerton, CA, USA). Intra- and interassay coefficients of
variations were < 2% and < 3%, respectively.

Insulin radioimmunoassay. Serum insulin concen-
trations were determined by radio-immuno assay (RIA)
using commercial rat kits from Linco Research, Inc.
(St Charles, MO, USA), Cat. no. RI-13K. The intra- and
interassay coefficients of variations were < 4% and < 6%,
respectively.

Triglycerides and cholesterol measurement. Serum
triglycerides and cholesterol concentrations were
determined enzymatically with the Synchron CX auto
analyser (Beckman Coulter, Co.). Intra- and interassay
coefficients of variation were <7% and <6% for
triglycerides and <4% and <3% for cholesterol,
respectively.

Leptin radioimmunoassay. Serum leptin concentrations
were determined by RIA using commercial rat kits from
Linco Research, Inc., Cat. no. RL-83K. The intra- and
interassay coefficients of variations were < 4% and < 5%,
respectively.
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Statistical analysis

For the glucose tolerance tests, the area under the curve
(AUC) was calculated using Sigmaplot 7 (2001). Insulin
resistance index (IRI) in the baseline sample was calculated
from the formula IRI = glucose x insulin/22.5 (Nandhini
et al. 2005). All data are presented as mean % s.E.M.
Differences between groups were compared using multiple
analysis of variance (ANOVA) followed by Dunnett’s test.
Unpaired Student’s ¢ test was used to compare male and
female data for baseline values and areas under the curve
for the same variable and IRI. x? test was used to determine
differences in the duration of pregnancy and timing of
delivery. Leptin, food intake and body weight correlation
were calculated using a Pearson correlation. P < 0.05 was
considered significant.

Results
Details of delivery

Delivery occurred on day 22. There were no differences
in timing of delivery, litter size and litter sex distribution
between C and R. Male pup weight at delivery did not
differ between groups. Birth weight of female pups of
control-fed mothers (6.1 & 0.08, n= 16) was greater than
that of restricted mothers (5.7 £ 0.10; n = 22).

Offspring weight and food intake

Female but not male R offspring weighed less than C at
birth. Figure 1 shows daily pup postnatal weight from birth
to 21 days and at 10 day intervals until 130 days. In both
sexes by 21 days, both offspring groups whose mothers
had a restricted diet during lactation weighed less than
those whose mothers were on the control diet (Table 1).
The differences between groups were similar at 100 days
postnatal life with the exception that CR did not differ
from RC (Table 1). Total food intake at 100 days was less in
CR than CC male pups and in CR and RR in females. The
comparison of greatest interest and significance in food
intake expressed per unit body weight was the two groups
whose mothers had a restricted diet during pregnancy. In
males the difference between RR and RC was not quite
significant (P < 0.07) while in females relative intake was
significantly decreased in RC compared with RR. The food
intake expressed per unit body weight of female pups was
higher than male pups in all four groups but the difference
only reached significance for the CR groups (P < 0.001;
Table 1).

Figure 2 presents the absolute and relative food intake
related to body weight for all four groups. Absolute food
intake correlated positively with body weight while relative
food intake correlated negatively (P = 0.05 for males and
0.001 for females).
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Leptin concentrations at 110 days

Table 1B and C shows the leptin concentrations in the
four groups of male and female offspring at 110 days.
Serum leptin concentration was lowest in the RR group
in both males and females although the difference from
CC was only significant in females. The highest leptin
concentrations were in the RC male group in which leptin
was more than twice the value in controls. It is of interest
that similar high leptin values were not seen in the RC
females. Figure 3 shows the correlation in all four groups
of male and female offspring between leptin at 110 days,
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Figure 1. Mean body weight of (A) male and (B) female

offspring rats

Maternal groups: mothers fed with control (C, 20% casein) or

restricted (R, 10% casein) diet during pregnancy (first letter) and

lactation (second letter). CC (®); RR (0); CR (¥); RC (V) inserts

represents 0 to 21 days of life in large. Data represented as

mean =+ s.e.m. from 5 CC litters, 5 RR litters, 5 CR litters, and 4 RC

litters. *P < 0.05 RR and CR versus CC and RC.
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body weight and absolute and relative food intake at
100 days of age. Leptin correlated positively with body
weight in both males and females (Fig. 3A and D). There
was no correlation between leptin and food intake in either
male or female offspring. However, when food intake was
expressed per unit body weight, there was a strong negative
correlation in the male and female offspring showing a
decreased relative food intake as leptin increased.

Body fat and protein composition at 70 days of age

While there were not differences in total protein in male
offspring, total protein was decreased in RC compared with
female CR (Table 2). When expressed as a percentage of
body weight, protein was higher in both groups restricted
during lactation in males and females and lower in RC
females compared with CC. Absolute lipid content was
decreased in RR and CR in the male and RR in females
compared with CC. Relative lipid content was decreased
in RR and CR males compared with CC and RR females
compared with CC. Relative lipid was increased in RC
females compared with CC. Only for the control group
relative protein content was higher in females than males
while in the same group relative lipid content was lower
in females in comparison with males. There were no sex
differences for the relative protein and lipid content in the
three experimental groups.

Responses to the glucose tolerance test

Figure 4 provides the results of the GTT conducted at
110 days postnatal life in males. The GTT data of the female
offspring were presented in a previously published study
(Zambrano et al. 20054). In the male offspring evidence
of both increased and decreased insulin sensitivity was
presented according to the group history. Fasting glucose
was lower in CR and higher in RC than CC. Fasting insulin
and insulin : glucose ratio were lower in RR and higher in
RC than CC. In the CR group AUC for glucose was less
than CC. AUC for insulin was less in both RR and CR and
increased for RC compared with CC. In the RC group AUC
was higher for the insulin : glucose ratio compared with CC
(P < 0.05). The RC group had a higher IRI compared with
the other three groups.

The only differences in fasting levels in females were
higher insulin and insulin : glucose in RC compared with
CC. Offspring of RR and CR mothers showed a lower
insulin : glucose ratio AUC than CC (P < 0.05).

When compared with females, fasting glucose was
higher in male offspring of RC mothers and lower in male
offspring of CR mothers. Fasting insulin was higher in
CC and RC males when compared with females. AUC for
glucose was lower in CR and RC males than females while
insulin was higher in RC males and the insulin : glucose
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Table 1. Body weight, absolute and relative food intake and serum leptin concentration in male and female

pups
cc RR CR RC

A. Body weight
Male (21 d; g) 46.0 + 2.73a 29.1 + 2.09b 31.0 £ 1.30b 48.4 + 1.30a
Female (21 d; g) 38.7 + 1.93a* 22.9 + 0.69b* 27.3 4+ 0.36b* 42.9 + 1.04a*

B. Serum leptin concentration in males
Leptin (ng ml~") 4.7 +£0.83a 2.3 £+ 0.26a* 5.2 + 0.60a* 9.3 + 1.56b*
Body weight (g) 513.2 + 10.5a* 417.7 + 10.8b* 458.7 4+ 17.2b* 531.1 £+ 8.6a*
Food intake (g) 33.8 + 1.77a* 29.8 + 1.03a,b* 26.6 + 0.76b* 32.6 + 0.49a*
Food intake 0.066 + 0.003a,b 0.072 4 0.004a 0.058 4 0.001b* 0.061 + 0.002a,b

(9 (g body wt)~")
C. Serum leptin concentration in females

Leptin (ng ml~") 3.4 + 0.46a
Body weight (g) 326.1 £ 10.9a*
Food intake (g) 22.8 + 1.03a*
Food intake 0.070 + 0.003a,b

(9 (g body wt)~")

1.4+ 0.21b*
252.4 + 16.4b*
19.5 + 0.19b*
0.079 £ 0.004a

1.8 &+ 0.30b,c*
262.9 + 10.6b,c*
19.5 + 0.40b*
0.075 £+ 0.003a*

2.3 +0.28a,c*

317.7 £ 17.5a,c*

20.1 £ 2.20a,b*
0.063 + 0.002b

A, male and female pup body weight at 21 days of age. Maternal groups: mothers fed with control (C, 20%
casein) or restricted (R, 10% casein) diet during pregnancy (first letter) and lactation (second letter). n =5-6
litters. B, male offspring serum leptin at 110 days, body weight and absolute and relative food intake at
100 days of age. From 5 CC litters, 5 RR litters, 5 CR litters, and 4 RC litters. C, female offspring serum leptin at
110 days, body weight and absolute and relative food intake at 100 days of age. From 5 CC litters, 5 RR litters,
6 CR litters, and 6 RC litters. Groups not sharing a letter are statistically different, *Female versus male P < 0.05.

All values are mean =+ s.E.m.
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Figure 2. Absolute and relative food intake as a function of body weight
Absolute food intake as a function of body weight in males (4) and females (B). Males, P < 0.03 and r = 0.49;
females, P < 0.001 and r = 0.59. Relative food intake per gram body weight as a function of body weight in
males (C) and females (D); males, P = 0.05 and r = —0.43; females, P < 0.001 and r = —0.61. CC (®); RR (0);

CR(¥); RC (V).
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Table 2. Offspring protein and fat absolute (g) and relative (%) body composition at 70 days
of age

cc RR CR RC

Males

Protein (g) 33.7 £ 0.6* 32.7 + 3.9*% 32.34+0.3* 35.8 4+ 3.1*

Protein (%) 445 + 0.9a* 61.0 £ 2.9b 59.4 + 0.4b 495 + 3.2a

Lipids (g) 26.5 &+ 1.2a* 10.8 &+ 1.0b* 14.2 £ 0.2b* 26.3 &+ 1.1b*

Lipids (%) 349+ 1.7a 209+ 2.7b 26.0 + 0.3b 36.9 &+ 2.4a
Females

Protein (g) 24.0 £+ 1.1a,b* 23.8 £ 0.2a,b* 26.0 + 1.3a* 20.2 £+ 0.5b*

Protein (%) 54.6 + 1.4a* 63.8 +0.2b 60.2 &+ 1.5b 47.9 + 1.1c

Lipids (g) 11.6 £+ 1.0a,c* 7.3 £ 0.2b* 10.1 &+ 1.2b,c* 14.4 + 0.9a*

Lipids (%) 26.3 + 1.1a* 19.6 + 0.8b 22.9 4+ 1.5a,b 33.8 + 0.6¢

Mean =+ s.e.m.; from 5 CC litters, 5 RR litters, 5 CR litters, and 4 RC litters; Groups not sharing a
letter are statistically different: *male versus female *P < 0.05.
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Figure 3. Leptin as a function of body weight, and absolute and relative food uptake

Leptin as a function of body weight in males (A) and females (D); males, P < 0.04 andr = 0.45; females, P < 0.003
and r = 0.56. Leptin as a function of absolute food intake in males (B) and females (E); males, P < 0.91 and
r =—0.03; females, P < 0.38 and r = 0.18. Leptin as a function of relative food intake in males (C) and females
(F); males, P < 0.04 and r = —0.46; females, P < 0.01 and r = —0.48. CC (®); RR (0); CR (¥); RC (V).
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AUC was higher in RC and CR males than females. Finally,
the IRI was higher in CC and RC males than females.

Basal triglyceride and cholesterol concentrations

Triglyceride and cholesterol concentrations were both
higher in RC male offspring than CC (Fig.5).
Concentrations of these key metabolic variables did not
differ among the female groups. Triglycerides were higher
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in males for all four groups while cholesterol was only
higher in males than females in the three experimental
groups.

Discussion

Previous studies in rats have shown that altered maternal
carbohydrate and protein metabolism during pregnancy
and/or lactation due to maternal low protein diets

A 12 4 1400 D
10 1200 a
= *
3 1000 abm +f ap
2 8- * b
E 6 c 800
2 adbx 600
8 4 4 b
3 400
(O]
21 200
0- 04
B . E
600 - 60 .
500 - 50
- R a
é 400 - ‘S 40
>
S 3001 <30 by b
£ 5
2 200 - 2 20
2 c
100 - 10
0 0
C F
100 - 8000
*
i o [
® ® 6000 .
2 2 a a ab
8 8 ab b
S S 4000 : . b
(G} (G}
£ £
? 2 2000
£ £
0

(min)

CC RR CR RC

CC RR CR RC

Figure 4. Glucose tolerance tests

Results from the glucose tolerance tests performed on male pups at 110 days of postnatal life. A, serum glucose
(mmol I=1); B, serum insulin (pmol I=); C, insulin to glucose ratio. Area under curve for male (0J) and female (m)
during glucose tolerance test in: D, glucose; E, insulin; F, insulin : glucose ratio; and G, insulin resistance index (IRI)
calculated as (glucose concentration x insulin concentration)/22.5. Data represented as mean =+ s.e.m. from 4-6
litters. P < 0.05 for data not sharing at least one letter. *P < 0.05 versus female.
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(Reusens & Remacle, 2001a; Sugden & Holness, 2002;
Ozanne et al. 2003), global caloric restriction (Garofano
et al. 1997), manipulation of the size of the rat litters in
the first days of postnatal life (Engelbregt et al. 2001),
maternal diabetes (Plagemann et al. 1992; Van Assche et al.
2001), maternal glucocorticoid administration (Drake &
Walker, 2004; Drake et al. 2005), or bilateral uterine artery
ligation in late pregnancy (Simmons et al. 2001) can result
in altered carbohydrate metabolism in offspring. None
of these studies separately addresses differential effects of
protein restriction during gestation and lactation. Thislack
of data on different critical windows of exposure is also
present in the only report to present data on gender
differences (Sugden & Holness, 2002).

During the first 100 days, growth of the RR and CR
offspring was slowed compared with CC. Our observations
confirm the data provided in other studies for males
that the CR group have a lower trajectory of postnatal
growth over this period compared with controls and show
that the same picture applies to females (Ozanne et al.
1996). Importantly we now show that changing a restricted
diet for a control diet during pregancy normalizes the
growth curve. However, restoration of normal weight
is accompanied by a decreased percentage body protein
and increased fat in female offspring. Once again it is
clear that evaluation of weight alone without composition

A
160 b
3 1
S 120
E
8 a
3 80 a a
@
S
=) 40 . . .
'_ *
. 1=
CC RR CR RC
B

N
o
o
o
o
o
o

w
o
QO

-
o

Cholesterol (mg/dL)
N
o

CC RR CR RC

Figure 5. Cholesterol and triglyceride serum values

A, male (J) and female (m) cholesterol and B, triglyceride serum value
data. Data represented as mean =+ s.e.m. from 5 CC litters, 5 RR litters,
5-6 CR litters, and 4-6 RC litters. P < 0.05 for groups not sharing at
least one letter. *P < 0.05 versus male.
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data provides an incomplete picture of the offspring
physiology. Plasma cholesterol and TG were higher in
males than females. There are no changes in these variables
in females in any group while both were elevated in the
male RC group.

None of the previous studies that attempted to
dissect and evaluate effects of nutrient restriction during
pregnancy and lactation contain information on food
intake of the offspring. In this study, the lower food intakes
in three of the four groups restricted during lactation (and
a tendency in the fourth) are compatible with the lower
weight. The negative correlation of food intake per unit
body weight with body weight is a well known feature of
mammalian metabolism (Romieu et al. 1988). In terms
of overall energy balance it is interesting to note that
restriction during pregnancy followed by a normal diet
during lactation results in decreased relative food intake
compared with restriction in both periods. Further studies
need to be performed to determine the factors responsible.
Alterations in uncoupling of metabolism or activity may
explain these differences.

The adipose tissue-derived hormone leptin plays a key
role in central nervous control of appetite and energy
balance (Friedman & Halaas, 1998). As expected leptin
concentrations correlated well in both sexes with body
weight, and serum leptin concentrations correlated well
with relative food intake per gram body weight but not
total body weight. Several interesting studies have shown
that there is an early peak in neonatal leptin in rodents
and that this early peak may play a role in programming
appetite later in life (de Oliveira Cravo et al. 2002; Vickers
et al. 2005). Both males and females in our RC groups
eventually become obese (author’s unpublished data).
We did not measure leptin in early life but the values
obtained at 110 days show some interesting differences
between groups. The high values in the RC males who will
eventually become obese suggest that dietary influences
during development may involve altered leptin sensitivity
(Unger, 2002). Rats overfed during early postnatal life
show a leptin-resistant state mediated by down-regulation
of the hypothalamic long isoform of the leptin receptor
(OB-Rb) (Lopez et al. 2005). Another observation of
interest is the higher leptin concentration in males than
females in the three experimental groups while the control
values are the same in the two sexes. We know of few
publications in which rat leptin values are given in both
sexes (Leonhardt et al. 2003). In agreement with our study
Engelbregt etal. (2001) reported thatleptin concentrations
and fat composition were higher in males than females. In
contrast to our findings, Leonhardt et al. (2003) observed
higher leptin values in females than males. We have no
explanation for this difference.

Our observation that both males and females show
evidence of increased insulin sensitivity at this stage of
postnatal life is in keeping with the data presented on
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the male (Ozanne et al. 2003) and female offspring of
protein-restricted mothers (Fernandez-Twinn et al. 2005).
In the only study to date that addresses gender-related
differences (Sugden & Holness, 2002), female rats were
maintained on either a 20 or 8% protein diet throughout
pregnancy and lactation. Then at weaning both sets of
pups were placed on the 20% protein diet. Thus these
two groups correspond to our CC and RR groups. These
investigators also demonstrated insulin hypersensitivity
in their group equivalent to our RR females at 140 days
of life compared with controls while RR males showed
evidence of insulin resistance by that age. At 110 days
our RR males still demonstrated insulin hypersensitivity.
Taken together data from rat nutrient-restriction studies
in several laboratories indicate that protein restriction
during development results in an initial period of insulin
hypersensitivity followed in later life by insulin resistance.
It appears that insulin hypersensitivity gives way to
resistance earlier in male than female rats (Ozanne
et al. 2003; Fernandez-Twinn et al. 2005). The reason
for this difference in the time course remains to be
determined. It also remains to be seen how our data
relate to programming of insulin resistance in humans.
Low ponderal index at birth (an indicator of IUGR) is
associated with a faster postnatal growth rate and later
insulin resistance. There is debate as to the relative roles of
the pre- and postnatal events in human infants (Singhal
et al. 2004).

Conclusions

This study used a protocol that permits identification of the
window of exposure-dependent outcomes resulting from
feeding pregnant rats a low protein diet during pregnancy
and/or lactation. The level of nutrition available in
pregnancy and lactation plays a major role in determining
offspring metabolic phenotype. There are significant
interactions between the effects of maternal diets in
pregnancy and lactation. The greatest effects and those
most likely to be harmful to long-term function
(e.g. increased tissue fat and decreased protein, elevated
cholesterol and TG and insulin resistance) occur when
pups whose mothers were restricted during pregnancy
received a normal — and hence abundant compared with
restriction — diet during lactation.
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