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Sex differences in transgenerational alterations of growth
and metabolism in progeny (F2) of female offspring (F1) of
rats fed a low protein diet during pregnancy and lactation
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Compelling epidemiological and experimental evidence indicates that a suboptimal environment
during fetal and neonatal development in both humans and animals may programme offspring
susceptibility to later development of several chronic diseases including obesity and diabetes in
which altered carbohydrate metabolism plays a central role. One of the most interesting and
significant features of developmental programming is the evidence from several studies that the
adverse consequences of altered intrauterine environments can be passed transgenerationally
from mother (F0) to daughter (F1) to second generation offspring (F2). We determined whether
when F0 female rats are exposed to protein restriction during pregnancy and/or lactation their F1

female pups deliver F2 offspring with in vivo evidence of altered glucose and insulin metabolism.
We fed F0 virgin Wistar rats a normal control 20% casein diet (C) or a protein restricted isocaloric
diet (R) containing 10% casein during pregnancy. F1 female R pups weighed less than C at birth.
After delivery, mothers received C or R diet during lactation to provide four F1 offspring groups
CC (first letter pregnancy diet and second lactation diet), RR, CR and RC. All F1 female offspring
were fed ad libitum with C diet after weaning and during their first pregnancy and lactation. As
they grew female offspring (F1) of RR and CR mothers exhibited low body weight and food intake
with increased sensitivity to insulin during a glucose tolerance test at 110 days of postnatal life.
Male F2 CR offspring showed evidence of insulin resistance. In contrast RC F2 females showed
evidence of insulin resistance. Sex differences were also observed in F2 offspring in resting
glucose and insulin and insulin : glucose ratios. These sex differences also showed differences
specific to stage of development time window. We conclude that maternal protein restriction
adversely affects glucose and insulin metabolism of male and female F2 offspring in a manner
specific to sex and developmental time window during their mother’s (the F1) fetal and neonatal
development.
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Compelling epidemiological and laboratory evidence
indicates that a suboptimal environment during fetal and
neonatal development in both humans and experimental
animals may programme susceptibility in the offspring
to later development of several chronic diseases including
altered carbohydrate metabolism (Dahri et al. 1991; Ravelli
et al. 1999; Petry & Hales, 2000; Roseboom, 2001; Kind et al.
2003). Barker and colleagues proposed the fundamental
hypothesis that adverse intrauterine conditions at various
stages of gestation alter the trajectory of growth and

produce intrauterine growth restriction (Barker, 1995a,b).
This altered growth trajectory compromises developing
organs, which may then malfunction in later life. Thus
the concept of ‘developmental programming’ proposes
that challenges during an organism’s development evoke
a persistent physiological response during its life.

Epidemiological investigations such as those conducted
on the children of the Dutch hunger winter have
highlighted the association between poor maternal
nutrition, lowered birth weight and subsequent adult
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disease (Ravelli et al. 1999; Roseboom et al. 2001).
However, difficulties with socio-economic confounds
and the inability to include precise contemporaneous
controls in epidemiological studies demonstrate the
need for carefully controlled animal investigations to
address the association between maternal nutrient intake
and subsequent health of the offspring. There are five
main protocols that have been used for the evaluation
of developmental programming of metabolism: (1)
exposure of the mother to an isocaloric low protein
diet (Stewart et al. 1975; Ozanne et al. 1996; Reusens &
Remacle, 2001a); (2) global nutrient restriction (Garofano
et al. 1997, 1998a); (3) experimentally induced maternal
diabetes (Holemans et al. 1997; Holemans et al. 2003);
(4) restriction of uterine blood flow (Simmons et al.
2001); and (5) over-exposure of the fetus to glucocorticoids
(Nyirenda et al. 2001). Several studies have demonstrated
altered glucose and insulin metabolism in the offspring of
protein restricted rats and other rodents (Dahri et al. 1991;
Petry et al. 2000; Kind et al. 2003). This is the model we
have chosen to use.

As an extension of the concept of developmental
programming, Hales & Barker (1992) proposed the ‘thrifty
phenotype hypothesis’ stating that when in utero nutrition
is suboptimal, the fetus makes a predictive adaptive
response and develops a physiology that maximizes uptake
and conservation of nutrients. These developmental
changes confer a survival advantage if nutrition continues
to be restricted during the offspring’s life-time. However,
if food supply is abundant postnatally, offspring with the
thrifty phenotype may accumulate stored resources in the
form of fat thereby predisposing the offspring to obesity
and other metabolic problems.

One of the most interesting and important features
of developmental programming is the evidence from
several studies that the consequences of an altered intra-
uterine environment can be passed transgenerationally
from mother (F0) to daughter (F1) to the F2 progeny.
Stewart et al. (1975) demonstrated effects of maternal
nutrient restriction across 12 generations in the rat. Two
independent groups of investigators have demonstrated
that the female diabetic offspring (F1) of rats treated
with streptozotocin during pregnancy themselves have
offspring (F2) with altered glucose and carbohydrate
metabolism (Aerts et al. 1990; Oh et al. 1991; Aerts & Van
Assche, 1992).

We studied F0 female rats exposed to protein
restriction during pregnancy and/or lactation to determine
(1) whether there are transgenerational effects on the F2

generation, (2) whether these effects show sex specificity,
and (3) whether effects are dependent on the stage
of development at which protein restriction occurs –
pregnancy or lactation. We fed one group of F0 virgin
Wistar rats a normal control diet (C) during pregnancy
and lactation (CC – first letter pregnancy diet and second

letter lactation diet). Additional F0 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 F1 female offspring ate the control diet after weaning
and during their first pregnancy and lactation as did the
F2 generation after weaning.

Female offspring (F1) of mothers restricted during
lactation (RR and CR) exhibited low body weight and
food intake with increased sensitivity to insulin during
a glucose tolerance test at 110 days of postnatal life. F1

RC offspring demonstrated increased insulin resistance.
Since the aim of this paper is to report transgenerational
effects, data from the F1 male offspring are not given
here. F2 female offspring maintained higher glucose and
lower insulin concentrations than F2 male offspring. Male
F2 CR and female F2 RC offspring showed decreased
insulin sensitivity. These findings indicate that maternal
protein restriction adversely affects glucose and insulin
metabolism of F2 offspring in a manner specific to sex and
to the stage of their mother’s (the F1) fetal and neonatal
development.

Methods

Care and maintenance of animals

Breeding and maintenance of the first generation of
female rats (F0). Details of protein restriction and
generation of the F1 pups have been given in full previously
(Zambrano et al. 2005). Those details that are central to this
study will be presented here. The F0 mothers were 40 virgin
female albino Wistar rats aged between 10 and 12 weeks
and weighing 220 ± 20 g (mean ± s.e.m.) obtained from
the Instituto Nacional de Ciencias Médicas y Nutrición
Salvador Zubirán (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 19.00 h at 22–23◦C). All
procedures were approved by the Animal Experimentation
Ethics Committee of the Instituto Nacional de Ciencias
Médicas y Nutrición Salvador Zubirán, Mexico City.

Female rats were mated overnight with proven male
breeders and the day on which spermatozoa were present in
a vaginal smear was designated as day of conception – day 0.
Only rats that were pregnant within 5 days 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
(Table 1). Food and water were available ad libitum for all
animals.

F0 pregnant and lactating rats were weighed every day
through pregnancy and until the pups were removed at
weaning. Food was provided in the form of large flat
biscuits which were retained behind a grill through which
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Table 1. Composition of the two isocaloric diets

Control diet (%) Restricted diet (%)

Casein 20 10
Cystine 0.3 0.15
Choline 0.165 0.165
Vitamin mix 1 1
Mineral mix 5 5
Cellulose 5 5
Corn oil 5 5
Carbohydrates

Corn starch 31.76 37.34
Dextrose 31.76 37.34

kcal g−1 diet 4 4

the rats nibbled the food. The amount of food provided
each day was weighed as was the amount remaining after
24 h. On day 20 post-conception, pregnant rats were trans-
ferred 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. Food intake
continued to be monitored during this period.

All F0 rats delivered the F1 generation by spontaneous
vaginal delivery. Timing of delivery of the F1 pups,
F1 litter size and pup weight were recorded at birth.
Ano-genital distance was measured with calipers to
enable determination of sex. Our unpublished data
indicate that female pups have an ano-genital distance
of 0.167 ± 0.013 mm (n = 291 pups from 43 litters;
mean ± s.e.m.) and males 0.326 ± 0.022 mm (n = 252
pups from 43 litters). Thus a value of 0.25 mm is more
than 2 s.d. 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) 0.25 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 to a 1 : 1 sex ratio as 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 that had 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. Rats from
the same experimental group were housed two of the same
sex to a cage. Food was provided in the form of large flat

biscuits, which were retained behind a grill through which
the rats nibbled the food. 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.

Glucose tolerance test at 110 days postnatal life in the
F1 generation. One or two F1 female rats from each
litter were fasted overnight. One gram per kilogram body
weight d-glucose was administered i.p. at 09.00 h. Blood
was taken by retro- orbital puncture as approved by the
American Veterinary Medical Association at time 0 min,
30 min, 60 min, and 120 min. Blood was collected into
polyethylene tubes and allowed to clot at 4◦C for 1 h. The
blood samples were centrifuged at 1500 g for 15 min at 4◦C.
Serum samples were kept at −20◦C until assayed. Where
two females from one litter were studied their data were
averaged.

Breeding of the F1 female offspring. Following the
glucose tolerance test at 110 days postnatal life, F1 females
were bred to proven males from outside the experiment to
produce the F2 offspring. During the pregnancy and for the
rest of the study, all F1 females were fed the control diet.
All F1 females underwent spontaneous vaginal delivery.
Timing of delivery of the F2 pups, F2 litter size and pup
weight were recorded at birth. Ano-genital distance was
measured at birth to enable determination of sex. At birth,
the F2 litters were adjusted to 12 pups per dam while
maintaining as close to a 1 : 1 sex ratio as possible. At
weaning pups were divided by sex and placed into separate
group cages.

Glucose tolerance test in the F2 offspring at postnatal day
110d. One F2 male and one F2 female from each F1 female
were chosen at random, fasted overnight and studied in
a glucose tolerance test at 110 days of postnatal life. The
glucose tolerance test was conducted as described above.

Biochemical analyses

Blood glucose measurement. Serum glucose concentra-
tions were determined spectrophotometrically using the
enzymatic hexokinase method (Beckman Coulter, Co.,
Fullerton, CA, USA).

Insulin radioimmunoassay. Serum insulin concentra-
tions were determined by RIA using commercial rat kits
from Linco Research, Inc., Cat. no. RI-13K. The intra- and
interassay coefficients of variations were < 4% and < 6%.

Statistical analysis

For the glucose tolerance tests, area under curve was
calculated using SigmaPlot 7. Insulin resistance index (IRI)
was calculated with the baseline values from the formula
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Table 2. Results from F1 female offspring

C R

A. Timing of delivery by the F0 mothers
Pups delivered before noon (%) 75 (16) 53 (22)
Pups delivered after noon (%) 25 (16) 47 (22)
Litter size 14.4 ± 0.37 (16) 13.9 ± 0.35 (22)
Litter sex distribution M : F 1.06 ± 0.16 (16) 1.35 ± 0.28 (22)
Birth weight (g) 6.1 ± 0.08a (16) 5.7 ± 0.10b (22)

CC RR CR RC

B. F1 female growth data (g)
21 days 38.7 ± 1.93a (5) 22.9 ± 0.69b (5) 27.3 ± 0.36b (6) 42.9 ± 1.04a (6)
100 days 319.2 ± 9.96a (5) 248.7 ± 16.21b (5) 259.7 ± 10.4b,c (6) 311.0 ± 25.10a,c (6)
270 days 406.8 ± 16.89a (4) 328.9 ± 14.27b (4) 331.9 ± 8.15b (5) 396.5 ± 47.37a (5)
1 year 400.4 ± 15.33a (4) 322.1 ± 15.45b (4) 326.9 ± 6.52b (5) 493.3 ± 43.72a (5)

C. F1 female food intake at 100 days
Food intake (g day−1) 22.8 ± 1.03a (5) 19.5 ± 0.19b (5) 19.5 ± 0.40b (6) 20.1 ± 2.20a,b (6)
Food intake (g (g body wt)−1) 0.07 ± 0.003 (5) 0.08 ± 0.005 (5) 0.08 ± 0.003 (6) 0.06 ± 0.002 (6)

Data are means ± S.E.M. with number of litters shown in parentheses. A, timing of delivery of the F1 pups by the F0 mothers (%), litter
size, sex ratio and birth weights (g) from the C (control −20% casein) and R (restricted −10% casein) group. B, growth profile (g) of
rats fed with control (C) or restricted (R) diet during pregnancy (first letter) and lactation (second letter) of F1 female pups at 21, 100,
270 days and 1 year. C, food intake in adult life of female F1 offspring. P > 0.05 for data with at least one letter in common.

IRI = Glucose × Insulin/22.5 (Nandhini et al. 2005). All
data are presented as means ± s.e.m. Differences between
groups for F1 and F2 females and F2 males were compared
using multiple analysis of variance (ANOVA) followed
by Dunnett’s test. Student’s unpaired t test was used to
compare male and female F2 data for baseline values and
areas under curve for the same variable and IRI. A χ 2

test was used to determine differences in the duration of
pregnancy and timing of delivery; P ≤ 0.05 was considered
significant.

Results

Timing of delivery of F1 pups by F0 mothers, litter size
and sex ratio of the F1 pups and growth profile of F1

females

At birth F1 female pups of F0 mothers fed the control diet
weighed 6.1 ± 0.08 g while those of F0 restricted mothers
weighed 5.7 ± 0.1 g (P < 0.05). There were no differences
in the time of delivery, litter size and litter sex distribution
between control and restricted F0 mothers (Table 2A).
Table 2B provides the data on body weight at 21, 100 and
270 days and at 1 year of postnatal life of the females that
grew up to be the F1 mothers. The females who did not
become pregnant were not included in these groups. When
compared with CC, weights of female offspring of the RR
and CR groups were reduced by 41 and 29% at 21 days, by
22 and 19% at 100 days, by 19 and 18% at 270 days and
by 19 and 18% at 1 year (P < 0.01). The weights of the
female RR group offspring were less than the RC group at

all postnatal ages and the CR group was less than RC at
21 days, 270 days and 1 year (P < 0.05).

Food intake in adult life of female F1 offspring

Total food intake of the RR and CR female F1 offspring
groups was reduced by 15 and 14% at 100 days when
compared with the CC group (P < 0.05; Table 2C).
However when expressed per unit body weight, total food
intake was not different between groups.

Glucose tolerance tests in F1 females

There were no differences in the glucose responses to the
i.p. glucose tolerance test in the four groups of F1 female
offspring represented either as glucose values at different
times (Fig. 1A) or as the area under the curve for glucose
(Fig. 1D). Resting insulin was higher in the RC group than
CR and RR (Fig. 1B; P < 0.05). The insulin : glucose ratio
baseline was higher in RC offspring than the three other
groups (Fig. 1C; P < 0.05). The area under the curve for
the insulin : glucose ratio was less in RR and CR than CC
(Fig. 1F ; P < 0.05). The IRI was higher in RC than RR and
CR (Fig. 1G; P < 0.05).

Timing of delivery of the F2 pups by the F1 mothers,
litter size, sex distribution and F2 birth weights and
growth of the F2 offspring

There was no difference in the timing of delivery, litter size
and sex distribution between the litters of the groups of F1
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Figure 1. Results from the glucose tolerance tests performed in the F1 females at 110 days of postnatal
life
A, serum glucose; B, serum insulin; C, insulin to glucose ratio; D, area under curve for serum glucose during glucose
tolerance tests; E, area under curve for insulin; F, area under curve for insulin : glucose ratio; G, insulin resistance
index calculated as (glucose × insulin concentration)/22.5. Data represented as means ± S.E.M. from 5 CC litters,
5 RR litters, 6 CR litters, and 6 RC litters. Diets of F0 mothers are denoted as control (C) or restricted (R) during
pregnancy (first letter), followed by lactation (second letter). CC: control–control ; RR: restricted–restricted ;
CR: control–restricted ; RC: restricted–control . P > 0.05 for data with at least one letter in common.
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Table 3. Results from F2 female and male offspring

CC RR CR RC

A. F1 delivery data
Pups delivered before noon (%) 81.8 (6) 60 (6) 73.68 (6) 75 (4)
Pups delivered after noon (%) 18.2 (6) 40 (6) 26.31 (6) 25 (4)
Litter size 14.1 ± 0.91 (6) 13.4 ± 1.13 (6) 12.2 ± 0.58 (6) 11.8 ± 1.24 (4)
Litter sex distribution M:F 1.13 ± 0.19 (6) 1.30 ± 0.24 (6) 0.83 ± 0.11 (6) 0.98 ± 0.10 (4)

B. F2 female growth data (g)
Birth 5.9 ± 0.14a,b (6) 5.6 ± 0.13a (6) 6.0 ± 0.13a,b (6) 6.3 ± 0.16b (4)
21 days 45.0 ± 0.86 (6) 43.6 ± 0.86 (6) 45.0 ± 0.76 (6) 45.0 ± 2.18 (4)
100 days 292.2 ± 8.24a,b (6) 298.1 ± 10.16a,b (6) 284.6 ± 6.06a (6) 317.3 ± 6.15b (4)
270 days 332.6 ± 10.87a,b (5) 320.2 ± 15.42a,b (5) 308.6 ± 5.69a (5) 346.0 ± 10.41b (4)
1 year 381.7 ± 26.06 (5) 347.6 ± 18.58 (5) 367.2 ± 14.99 (5) 403.0 ± 26.18 (4)

C. F2 Female Food Intake at 100 days
Food intake (g day−1) 19.7 ± 0.71 (6) 18.9 ± 0.78 (6) 19.5 ± 0.46 (6) 19.0 ± 0.34 (4)
Food intake (g (g body wt)−1) 0.068 ± 0.002 (6) 0.064 ± 0.003 (6) 0.065 ± 0.003 (6) 0.060 ± 0.003 (4)

D. F2 male growth data
Birth (g) 6.21 ± 0.18 (6) 6.00 ± 0.16 (6) 6.29 ± 0.11 (6) 6.53 ± 0.12 (4)
21 days (g) 48.35 ± 0.66a (6) 45.41 ± 0.63b (6) 46.24 ± 0.88a,b (6) 44.85 ± 1.73b (4)
100 days (g) 489.63 ± 6.70a (6) 459.14 ± 8.84b (6) 460.21 ± 8.30b (6) 483.86 ± 11.65a,b (4)
270 days (g) 559.65 ± 7.65a,b (5) 542.37 ± 10.86a,b (5) 522.59 ± 9.85a (5) 570 ± 7.05b (4)

E. F2 Male Food Intake at 100 days
Food intake (g day−1) 32.41 ± 0.87a (6) 27.89 ± 1.22b (6) 27.99 ± 0.87b (6) 31.98 ± 0.80a (4)
Food intake (g (g body wt)−1) 0.066 ± 0.0020 (6) 0.062 ± 0.0022 (6) 0.062 ± 0.0015 (6) 0.066 ± 0.0018 (4)

Data are means ± S.E.M. with number of litters shown in parentheses. A, timing of delivery of the F2 pups by the F1 mothers (%), litter
size, sex ratio and birth weights (g) from the C (control −20% casein) and R (restricted −10% casein) group. B, growth profile (g) of
rats fed with control (C) or restricted (R) diet during pregnancy (first letter) and lactation (second letter) of F2 female pups at 21, 100,
270 days and 1 year. C, food intake in adult life of F2 female offspring. D, growth profile (g) of rats fed with control (C) or restricted
(R) diet during pregnancy (first letter) and lactation (second letter) of F2 male pups at 21, 100, 270 days. E, food intake in adult life of
F2 male offspring. P > 0.05 for data with at least one letter in common.

mothers (Table 3A). Birth weights of F2 female offspring of
F1 pups from the original RC mothers were heavier than the
F2 offspring of F1 pups from the RR mothers (P < 0.05).
The F2 female RC offspring were heavier than the F2 female
CR offspring at 100 and 270 days (Table 3B; P < 0.05).

There were no differences in birth weight among the
groups of F2 males. F2 male body weights at 100 days post-
natal life were lower in the F2 RR and CR offspring than
the F2 CC offspring (Table 3D; P < 0.05). The F2 male RC
offspring were heavier than the F2 male CR offspring at
270 days (Table 3D; P < 0.05).

Food intake in adult life of female F2 offspring

There were no differences in either absolute food intake or
intake per gram body weight at 100 days of age between
the four groups of F2 female offspring (Table 3C).

Food intake in adult life of male F2 offspring

F2 male total food intake at 100 days postnatal life were
lower in the F2 RR and CR offspring (P < 0.05). However
there were no differences between groups in food intake
per unit body weight (Table 3E).

Glucose tolerance tests in the F2 females at 110 days
of postnatal life

There were no differences in the glucose responses to the
i.p. glucose tolerance test in the four groups of F2 female
offspring represented either as glucose values at different
times (Fig. 2A) or as the area under the curve for glucose
(Fig. 2D). Baseline, 120 min insulin and insulin area under
curve were all elevated in the RC F2 females compared
with CC group (Fig. 2B and E; P < 0.05). Insulin : glucose
ratio was increased in female RC offspring at baseline and
120 min compared to all other groups. Insulin : glucose
ratio area under curve was increased in RC compared
to CC and RR (P < 0.05; Fig. 2C and F). The IRI was
increased in the RC group compared with both the RR
and CR (Fig. 2G).

Glucose tolerance tests in F2 males at 110 days of
postnatal life

In male F2 offspring there was no difference between
groups in glucose concentrations (Fig. 3A). Resting insulin
was elevated in male CR F2 offspring compared with all
other groups (Fig. 3B). The area under curve for both
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Figure 2. Results from the glucose tolerance tests performed in the F2 females at 110 days of postnatal
life
A, serum glucose; B, serum insulin; C, insulin to glucose ratio; D, area under curve for serum glucose during
glucose tolerance tests; E, area under curve for insulin; F, area under curve for insulin:glucose ratio; G, insulin
resistance index calculated as (glucose × insulin concentration)/22.5. Data represented as means ± S.E.M. from
5 to 6 CC litters, 5–6 RR litters, 6 CR litters, and 4–6 RC litters. Diets of F0 mothers are denoted as control
(C) or restricted (R) during pregnancy (first letter), followed by lactation (second letter). CC: control–control ;
RR: restricted–restricted ; CR: control–restricted ; RC: restricted–control . P > 0.05 for data with at least one
letter in common. ∗P < 0.05 versus male.
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Figure 3. Results from the glucose tolerance tests performed in the F2 males at 110 days of postnatal
life
A, serum glucose; B, serum insulin; C, insulin to glucose ratio; D, area under curve for serum glucose during glucose
tolerance tests; E, area under curve for insulin; F, area under curve for insulin:glucose ratio; G, insulin resistance
index calculated as (glucose × insulin concentration)/22.5. Data represented as means ± S.E.M. from 5 CC litters,
5 RR litters, 6 CR litters, and 6 RC litters. Diets of F0 mothers are denoted as control (C) or restricted (R) during
pregnancy (first letter), followed by lactation (second letter). CC: control–control ; RR: restricted–restricted ;
CR: control–restricted ; RC: restricted–control . P > 0.05 for data with at least one letter in common. ∗P < 0.05
versus female.
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insulin and the insulin : glucose ratio was only significantly
elevated in CR above the CC group (Fig. 3E and F). The
IRI was significantly higher in CR compared with all other
groups (Fig. 3G).

Differences between F2 males and females

All significant sex based differences indicate increased
insulin sensitivity in the females compared with males even
in the presence of significantly higher baseline glucose in
CC, RR and RC females compared with the same male
groups (see Figs 2 and 3). In F2 females of CC and RR
mothers, the area under curve for glucose was greater than
the corresponding F2 males. Baseline and area under curve
for insulin were lower in female RR and CR than in the
male groups. Baseline insulin : glucose ratio was lower in
RR and CR females compared with the corresponding male
groups, while the area under curve for the insulin : glucose
ratio area was lower in CC, RR and CR females compared
with corresponding male groups. Area under curve for IRI
was lower in RR and CR females compared with males.
The difference in the baseline glucose was the only sex
differences in any of the variables between the RC groups.

Discussion

Several previous studies in rats have shown that altered
maternal carbohydrate and protein metabolism during an
initial pregnancy (F0) due to maternal diabetes (Van Assche
et al. 2001), maternal glucocorticoid administration
(Drake & Walker, 2004; Drake et al. 2005), maternal low
protein diets (Reusens & Remacle, 2001b), global caloric
restriction (Garofano et al. 1997) or bilateral uterine artery
ligation in late pregnancy (Simmons et al. 2001) can result
in altered carbohydrate metabolism in F1 offspring as well
as F2 offspring of F1 females. In the protein restricted model
the effects on F2 of maternal F0 protein restriction have so
far only been shown during fetal life (Reusens & Remacle,
2001a). No data exist for postnatal consequences in the F2

generation. Our study focused on the effects of protein
restriction and was designed to address three related,
previously unaddressed questions in adult F2 offspring
of protein restricted mothers. Firstly, do the impaired
structural effects reported in the F2 fetal pancreas result in
disordered in vivo insulin function in adult life? Secondly
are there differences in the outcomes in male and female
F2 progeny? Finally can the transgenerational effects in F2

pups be related to the window of development, fetal life
or during lactation, in which the developing female F1 rat
pup is exposed to protein restriction?

To enable conclusions to be drawn from the F1

females’ pregnancies, we felt it necessary to characterize
carbohydrate metabolism as the F1 mothers grew up. As
expected, birth weight was lower in female offspring of F0

mothers exposed to the low protein diet during pregnancy.
Although offspring exposed to protein restriction during
both pregnancy and lactation weighed 16% less at weaning
than offspring exposed to protein restriction during
lactation alone, this difference was not significant. The
postnatal growth data for F1 offspring at all four ages
studied up to 1 year of postnatal age clearly show that
the effects of prenatal protein restriction, while marked at
birth, can be recuperated by feeding the control diet during
lactation. The major negative effects on post-weaning
weight resulted from restriction of maternal protein intake
during lactation.

Several studies demonstrate that fetal exposure to
nutrient restriction adversely affects the development of
the fetal pancreas (Snoeck et al. 1990; Sener et al. 1996;
Petrik et al. 1999). However, our data support the view
proposed by others that nutrient restriction of pups during
lactation has the major effect on impaired pancreatic
function in adult life (Garofano et al. 1998a,b).

Maternal F0 nutrient restriction during lactation had a
more pronounced inhibitory effect on offspring growth
in the F1 females and the F2 males than restriction
during pregnancy. This result also shows that the
nutrient restriction to which the F1 mothers were
themselves exposed as breast-feeding pups before they
were themselves weaned during lactation is transferred
across the generations to their own F2 male offspring but
not F2 female offspring. In the F1 females a comparison of
the RR and RC groups and the CC and RC groups indicates
that the effects of nutrient delivery during pregnancy can
be restored during lactation.

The finding of increased insulin sensitivity as indicated
by the decreased insulin : glucose ratio in the 110-day-old
female F1 offspring of the RR and CR F0 mothers
is similar to the observations by others that offspring
of Sprague-Dawley dams fed an 8% protein diet
demonstrated better glucose regulation than controls early
in life but eventually develop glucose intolerance by 1 year
of age (Petry et al. 1997; Shepherd et al. 1997). Enhanced
insulin sensitivity as demonstrated by glucose uptake
from isolated skeletal muscle has been demonstrated
in 3-month-old offspring following maternal protein
deprivation (Ozanne et al. 1996). By 15 months the
offspring of protein deprived rats demonstrated insulin
resistance (Ozanne et al. 2003).

Increased ability to deliver glucose and amino acids to
cells in early life may well be a predictive adaptation of the
offspring of protein restricted mothers. According to this
view, exposure to protein restriction during development
leads to a thrifty phenotype that enables the organism to
conserve available food and store it against the likelihood
that they may continue to experience similar periods
of nutrient restriction after weaning. In our studies the
offspring of mothers who were protein restricted during
lactation had food available ad libitum after weaning. Thus
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their preparation for postweaning life was inappropriate
to the level of food available. When offspring of protein
restricted rats are maintained on that diet throughout life
they have enhanced insulin sensitivity (Holness & Sugden,
1999). When these rats are given a fat rich diet they develop
greater insulin resistance than control animals fed the fat
diet. This study supports the view that the programmed
predisposition to dealing more effectively with poor post-
natal nutrition renders the offspring vulnerable to a high
calorie postnatal diet.

The increased IRI in the F1 female RC offspring when
compared with RR and CR offspring also supports the view
that glucose regulatory mechanisms are at least to some
extent programmed by the level of nutrient availability pre-
natally. According to this view the availability of plentiful
food postnatally to F1 offspring that had developed pre-
natally in a deprived nutrient environment increases
insulin resistance when compared with offspring restricted
prenatally that continue to be restricted after birth. It is
noteworthy that IRI is not increased when the reverse
situation occurs, namely postnatal nutrition is impaired
compared with the prenatal level.

We did not obtain glucose tolerance data on these F1

females during their own pregnancies. However, Dahri
et al. (1995) have shown that female offspring of dams
fed an 8% protein diet had low insulin secretion during a
glucose tolerance test at 18.5 days of gestation of their own
pregnancies. These findings would support the hypothesis
that the second generation (F2) grow up to demonstrate
insulin dysfunction as a result of a poor metabolic
response to the challenge of pregnancy by their F1 mothers.
Further studies are needed to determine the role of altered
maternal F1 insulin metabolism in conjunction with other
consequences of protein restriction prior to the time they
themselves were weaned such as smaller maternal size
(and hence presumably uterine size) and alterations in
mammary gland function.

We were successful in our first aim, to demonstrate
altered insulin responses in the F2 generation in early
adulthood. Evidence of reduced insulin sensitivity was
observed in one group of males (CR) and one group of
females (RC) compared with the F2 offspring derived from
the original CC F0 mothers who were fed the 20% casein in
pregnancy and lactation. This finding of impaired in vivo
function in F2 offspring at 110 days postnatal life extends
the observations of Reusens & Remacle (2001a,b) who
showed that F2 fetuses of mothers themselves exposed to
low protein during fetal life exhibited high glucose levels
and lower insulin levels with a decreased pancreatic insulin
content and β-cell volume.

The F2 findings mentioned above indicate the existence
of sex differences in the F2 offspring. Strikingly, base-
line glucose levels were higher in females than males in
two of the four F2 groups. Male F2 CR and female F2

RC offspring showed decreased insulin sensitivity. The

mechanistic explanation for this sex difference remains
to be determined. These findings indicate that adverse
second generational effects can follow protein restriction
in both pregnancy and lactation. Sex differences have
been observed in other examples of developmental
programming. For example, the adult hypertension that
results from feeding pregnant rats a low protein diet during
pregnancy is dependent on fetal glucocorticoid exposure in
the male offspring but not in female offspring (McMullen
& Langley-Evans, 2005). Thus it is important for future
studies to evaluate changes in both sexes.

We know of no other study in which an attempt has
been made to isolate the critical window of exposure
that results in the disordered insulin function in either
F1 or F2 offspring. Many of the maturational processes
that occur during the period of lactation in the rat are
completed in the final trimester of human development.
Epidemiological data from the Dutch hunger winter
indicate that exposure to maternal nutrient restriction
during the third trimester predisposes the offspring to
diabetes (Ravelli et al. 1998). Although it is customary
to equate the stages of development in late human
gestation with the lactation period in rats, caution in
interpretation is necessary when extrapolating between
stages of development in altricial rodents and precocial
mammals such as humans. Interactions between nutrient
state that existed during different stages of development
and an organism’s exposures in the mature adult state
have been proposed as part of the concept of predictive
adaptation (Gluckman & Hanson, 2004). In the present
study it appeared that maternal nutrient restriction had
a greater effect on F1 female offspring when restriction
occurred during pregnancy. As discussed above, increased
insulin resistance was observed in the RC group in F2

females and the CR group of F2 males.
Several mechanisms have been proposed to explain

transgenerational consequences of developmental
programming. Both DNA based and epigenetic effects
should be considered. One DNA based candidate is an
alteration to the mitochondrial DNA of the developing
female fetus resulting from the challenge experienced
during development. If such mitochondrial DNA changes
occur in the female gametes, they would be passed on to
the offspring. Several epigenetic causes could stem from
the altered conditions experienced by the developing F2

fetus within the F1 uterus. The F1 mother’s experience
during her own intrauterine life may alter many aspects
of the intrauterine environment. For example, we have
unpublished data indicating that F1 CR offspring have
high testosterone levels in the adult non-pregnant state.
If elevated maternal androgen levels persist during
pregnancy it would lead to varying fetal hormone
exposures in mothers with different F1 phenotypes. These
differences could yield a variety of F2 outcomes as a result
of developmental programming during the F1 mother’s
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pregnancy and lactation. It has been demonstrated that F1

offspring of nutrient restricted mothers have a tendency
to become diabetic during pregnancy (Fernandez-Twinn
et al. 2003) but the influence of different degrees and
types of nutrient restriction during the F1 mother’s own
development on the degree and extent of any diabetic
state when she herself becomes pregnant have not been
evaluated. Since maternal nutrient restriction alters
offspring peripheral cardiovascular development, it is also
possible that differing degrees of altered uterine perfusion
during the F1 pregnancy would produce differing F2

phenotypes. Thus impaired vasodilatory responses have
been shown in mesenteric resistance arteries of F1 rat
offspring whose mothers were protein restricted during
pregnancy (Torrens et al. 2003). Further work is clearly
necessary to address these various possibilities.

Finally, in the process of conducting these studies we
became aware of many possible confounds that have
been ignored to date. We have preliminary unpublished
data that, surprisingly, milk yield and composition are
adversely affected to a greater extent in CR than RR. The
lactating F0 mothers in the CR group lost more weight
than those in the RR group. We have no explanation for
these findings but they sound a cautionary note against too
rapid conclusions that one period of development exhibits
a greater sensitivity to a specified challenge than another.
It may be that the same challenge imposed in two different
groups at one developmental stage during an experiment
yields both qualitatively and quantitatively different results
because of the different prior history of each group.

Conclusion

In conclusion, we confirmed the findings in several pre-
vious reports that the F1 female (Fernandez-Twinn et al.
2005) offspring of pregnant F0 rats provided with an iso-
caloric, low protein diet during lactation have evidence of
increased insulin sensitivity compared with controls. We
have shown for the first time that an isocaloric low protein
diet adversely affects the glucose and insulin metabolism of
adult male and female F2 offspring. In addition, male and
female offspring are affected differently. Finally, the effects
on F2 offspring differ according to the critical window of
exposure of the F0 females to the low protein diet.
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